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ABSTRACT
We obtained ALMA spectroscopy and deep imaging to investigate the origin of the unexpected sub-millimeter emission toward the
most distant quiescent galaxy known to date, ZF-COSMOS-20115 at z = 3.717. We show here that this sub-millimeter emission is
produced by another massive (M∗ ∼ 1011 M), compact (r1/2 = 0.67 ± 0.14 kpc) and extremely obscured galaxy (AV ∼ 3.5), located
only 0.43′′ (3.1 kpc) away from the quiescent galaxy. We dub the quiescent and dusty galaxies Jekyll and Hyde, respectively. No dust
emission is detected at the location of the quiescent galaxy, implying SFR < 13 M/yr which is the most stringent upper limit ever
obtained for a quiescent galaxy at these redshifts. The two sources are spectroscopically confirmed to lie at the same redshift thanks to
the detection of [C ii]158 in Hyde (z = 3.709), which provides one the few robust redshifts for a highly-obscured “H-dropout” galaxy
(H− [4.5] = 5.1±0.8). The [C ii] line shows a clear rotating-disk velocity profile which is blueshifted compared to the Balmer lines of
Jekyll by 549± 60 km/s, demonstrating that it is produced by another galaxy. Careful de-blending of the Spitzer imaging confirms the
existence of this new massive galaxy, and its non-detection in the Hubble images requires extremely red colors and strong attenuation
by dust. Full modeling of the UV-to-far-IR emission of both galaxies shows that Jekyll has fully quenched at least 200 Myr prior to
observation and still presents a challenge for models, while Hyde only harbors moderate star-formation with SFR . 120 M/yr, and
is located at least a factor 1.4 below the z ∼ 4 main sequence. Hyde could also have stopped forming stars less than 200 Myr before
being observed; this interpretation is also suggested by its compactness comparable to that of z ∼ 4 quiescent galaxies and its low
[C ii]/FIR ratio, but significant on-going star-formation cannot be ruled out. Lastly, we find that despite its moderate SFR, Hyde hosts
a dense reservoir of gas comparable to that of the most extreme starbursts. This suggests that whatever mechanism has stopped or
reduced its star-formation must have done so without expelling the gas outside of the galaxy. Because of their surprisingly similar
mass, compactness, environment and star-formation history, we argue that Jekyll and Hyde can be seen as two stages of the same
quenching process, and provide a unique laboratory to study this poorly understood phenomenon.
Key words. Galaxies: evolution – galaxies: high-redshift – galaxies: kinematics and dynamics – galaxies: star formation – galaxies:
stellar content – sub-millimeter: galaxies
1. Introduction
In the local Universe, more than half of the stellar mass is found
in quiescent galaxies (e.g., Bell et al. 2003) with current star-
formation rates (SFRs) only .1% of their past average (e.g.,
Pasquali et al. 2006). Unlike star-forming galaxies, which are
predominantly rotating disks, quiescent galaxies have spheroidal
shapes, very dense stellar cores, and dispersion-dominated kine-
matics. They contain very little atomic and molecular gas (e.g.,
Combes et al. 2007; Saintonge et al. 2016), and most of their
gas is instead ionized (e.g., Annibali et al. 2010). These galaxies
also frequently possess an active galactic nucleus (AGN; e.g.,
Lee et al. 2010), signpost of accretion of matter onto a central
super-massive black hole. Lastly, they tend to be much rarer at
low stellar masses (e.g., Baldry et al. 2004), and more abundant
in dense environments (e.g., Peng et al. 2010).
The formation channel of such galaxies remains uncertain.
A number of mechanisms have been proposed to stop (i.e.,
“quench”) or reduce star-formation, and all effectively act to de-
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plete the cold gas reservoirs. This can achieved by a) remov-
ing cold gas from the galaxy through outflows, b) pressurizing
the gas and preventing it from collapsing, c) stopping the sup-
ply of infalling gas until star-formation exhausts the available
reserves, or d) any combination of these. The underlying physi-
cal processes could be various, including feedback from stars or
an AGN, injection of kinetic energy from infalling gas, stabiliza-
tion of a gas disk by a dense stellar core, or tidal interactions with
massive neighboring galaxies (e.g., Silk & Rees 1998; Birnboim
& Dekel 2003; Croton et al. 2006; Gabor & Davé 2012; Mar-
tig et al. 2009; Förster Schreiber et al. 2014; Genzel et al. 2014;
Peng et al. 2015). While there is evidence that each of these phe-
nomena does (or can) happen in at least some galaxies, it still
remains to be determined which of them actually plays a sig-
nificant role in producing the observed population of quiescent
galaxies.
At higher redshifts, where spectroscopy is scarce and more
expensive, selecting quiescent galaxies is challenging. Yet this
has proven to be a powerful tool to constrain their formation
mechanism and the overall process driving the growth of galax-
ies in general (e.g., Peng et al. 2010). In the absence of spec-
troscopy, selection criteria based on red broad-band colors have
been designed, preferably with two colors to break the age-dust
degeneracy (Franx et al. 2003; Labbé et al. 2007; Williams et al.
2009; Arnouts et al. 2013). Using such methods, it was found
that quiescent galaxies were less numerous in the past (e.g.,
Labbé et al. 2007; Muzzin et al. 2013; Ilbert et al. 2013; Tom-
czak et al. 2014), consistent with the fact that this population
has been slowly building up with time. Surprisingly, quiescent
and massive galaxies are still found up to very high redshifts
(Glazebrook et al. 2004; Straatman et al. 2014), implying that
star-formation may be more rapid and quenching more efficient
than envisioned by most models.
Yet, spectroscopic confirmation of their redshifts and qui-
escence is required to draw firm conclusions (e.g., Kriek et al.
2009; Gobat et al. 2012). In Glazebrook et al. (2017) we re-
ported the spectroscopic identification of the most distant qui-
escent galaxy known to date, ZF-COSMOS-20115, at z = 3.717.
The galaxy was first identified in Straatman et al. (2014) thanks
to its strong Balmer break, and its redshift was subsequently
confirmed using deep Balmer absorption lines, a clear indicator
of a recent shutdown of star-formation. This allowed us to pre-
cisely trace back the star-formation history of this galaxy, which
we estimated must have stopped at z > 5 and required a large
peak SFR ∼ 1000 M/yr. While some models can accommo-
date quenched galaxies this early in the history of the Universe
(e.g., Rong et al. 2017; Qin et al. 2017), none is able to produce
them in numbers large enough to match observations.
Despite its apparently quenched star-formation history, faint
sub-millimeter emission was detected toward the galaxy ZF-
COSMOS-20115 with ALMA (Schreiber et al. 2017b), with a
spatial offset of 0.4 ± 0.1′′. This suggested that star-formation
might still be on-going in an obscured region of the galaxy,
and would thus have escaped detection at shorter wavelengths.
As discussed in Glazebrook et al. (2017), this emission is faint
enough that the corresponding SFR, even if indeed associated
with the quiescent galaxy, would only account for up to 15% of
the total observed stellar mass over the last 200 Myr. Therefore,
regardless of the sub-millimeter emission, the bulk of the mass in
this galaxy had necessarily formed earlier on. But the questions
remained of whether the galaxy has actually quenched, and what
is truly powering the sub-millimeter emission (see also Simpson
et al. 2017).
To answer these questions, we have obtained deeper and
higher-resolution continuum imaging at 744 µm with ALMA, in
a spectral window centered on the expected frequency of [C ii]158
at z = 3.717. The present paper discusses these new observations
and what they reveal about the true nature of this system. In the
following, we refer to the quiescent galaxy as “Jekyll” and the
sub-millimeter source as “Hyde”.
The flow of the paper goes as follows. In section 2 we de-
scribe the dust and [C ii] data we used in this paper, and how
we modeled them. The relative astrometry between ALMA and
Hubble is quantified in section 2.2, and the flux extraction is de-
tailed in section 2.3. The dust emission modeling and results are
described in section 2.4, while the modeling of the kinematics
of the [C ii] line is addressed in section 2.5. We then study the
stellar emission of Jekyll and Hyde in section 3, starting from
the UV to near-IR photometry in section 3.1, following by a de-
scription of the spectral modeling in section 3.2 and a description
of the results in section 3.3. In section 4 we put together and dis-
cuss these observations. Section 4.1 addresses the non-detection
of the dust continuum in Jekyll and its quiescent nature, and sec-
tion 4.2 demonstrates that Hyde is indeed a separate galaxy. We
then study evidence for a recent or imminent quenching in Hyde,
based on its compactness in section 4.3 and low [C ii] luminos-
ity in section 4.4. The efficiency of star-formation and possible
quenching processes are discussed in section 4.5. Lastly, section
4.6 speculates on how Hyde can be viewed as a younger version
of Jekyll, and what links can be drawn between the two galaxies.
We then summarize our conclusions in section 5.
In the following, we assumed a ΛCDM cosmology with
H0 = 70 km s−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7 and a Chabrier
(2003) initial mass function (IMF), to derive both star-formation
rates and stellar masses. All magnitudes are quoted in the AB
system, such that MAB = 23.9 − 2.5 log10(Sν [µJy]).
2. Dust continuum and [C ii] emission
The first observations toward this system with ALMA were ob-
tained at 338 GHz (888 µm) in band 7, targeting Jekyll as part of
a larger program (2013.1.01292.S, PI: Leiton) observing mas-
sive z ∼ 4 galaxies (Schreiber et al. 2017b). The on-source ob-
serving time was only 1.5 minutes, and the resulting noise level
reached 0.25 mJy (1σ) with a beam of full width at half maxi-
mum of 1.1 × 0.7′′. Nevertheless, a source was detected at 5σ
significance with a flux of 1.52 ± 0.25 mJy, slightly offset from
the position of Jekyll (0.5±0.1′′). This detection was already dis-
cussed in our previous work where we introduced Jekyll (Glaze-
brook et al. 2017). At the time, the spatial offset was already
deemed significant, although the limited signal-to-noise ratio of
the ALMA source as well as the relatively wide beam were such
that its interpretation was difficult.
Once the ALMA emission was discovered, we proposed to
re-observe this system with better sensitivities and angular reso-
lution, and sought to detect the [C ii] line to confirm the redshift.
These observations are described in the next sections, together
with the flux extraction and modeling procedure (both for the
ALMA data and ancillary imaging from Spitzer and Herschel).
All our results are summarized in Table 1.
2.1. Overview of ALMA observations and flux extraction
The new ALMA data were obtained in band 8 with a single spec-
tral tuning at 403 GHz (744 µm), and were delivered in early
2017 as part of the Director’s Discretionary Time (DDT) pro-
gram 2015.A.00026.S. The on-source observing time was 1.2
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Fig. 1. Spectra and imaging of Jekyll & Hyde. Top left: ALMA spectrum of Hyde. Bottom left: MOSFIRE spectrum of Jekyll (binned to 6.5 Å
resolution). The two spectra are shown on the same velocity scale. The emission above and below the continuum level is shaded to emphasize the
lines. The gray shaded area in the background is the 1σ flux uncertainty. We show the models best fitting these spectra with red lines. At the bottom
of each plot we give the normalized model residual σ, i.e., the difference between observed and modeled flux divided by the uncertainty. Right:
image of the Jekyll & Hyde system. The background image (blue tones; false colors) is the near-IR H-band emission as observed by Hubble;
the bright source at the center is Jekyll. We overlay the ALMA 740 µm continuum emission with green contours (the most extended contour
corresponds half of the peak emission); the source detected here is Hyde. The full width at half maximum of the Hubble and ALMA point spread
functions are given on the bottom left corner, followed to the right by the deconvolved profiles of the two galaxies (half-light area). Lastly, the
inset on the bottom right corner shows the position of the two velocity components of Hyde with respect to Jekyll (the blue contours correspond to
the most blueshifted component), and a gray line connects the two galaxies.
hours, with a beam size of 0.52×0.42′′ (natural weighting), about
a factor of two smaller than the first observations. The pointing
was centered on the Hubble Space Telescope (HST) position of
Jekyll: α = 150.06146◦, δ = 2.378683◦.
We generated two spectral cubes in CASA corresponding to
two pairs of spectral windows of disjoint frequency range, the
first centered on the expected frequency of the [C ii] line (401.2
to 404.7 GHz), and the second at higher frequencies which only
measure the continuum level (413.0 to 416.5 GHz). We did not
perform any cleaning on these cubes, and thus used the dirty
images throughout this analysis with the dirty beam as point-
spread function. We binned the flux of every three frequency
channels to eliminate correlated noise between nearby chan-
nels, and determined the noise level in each channel using the
RMS of the pixels away from the source (without applying the
primary-beam correction). We found that the frequencies 402.4
and 414.3 GHz are affected by known atmospheric lines which
increase the noise by a factor of two, the former can be seen on
Fig. 1 (top-left) at +400 km/s.
To extract the continuum and line flux of the target, we pro-
ceeded as follows. We first created a “continuum+line” image
by averaging all spectral channels together, and located the peak
position of the emission. A bright source was found, with a peak
flux of 2.36±0.06 mJy, and clearly offset from the position of the
quiescent galaxy by about 0.5′′. The accuracy of the astrometry
is demonstrated in section 2.2, and the offset is discussed further
in section 2.3. We then extracted a spectrum, shown in Fig. 1
(top-left), at this peak position and found a line close to the ex-
pected frequency of [C ii] at z ∼ 3.7 (throughout this paper, we
assumed a vacuum rest frequency ν[C ii] rest = 1900.5369 GHz,
which known with an excellent accuracy of ∆ν = 1.3 MHz;
Cooksy et al. 1986). The line is relatively broad and its kinemat-
ics resembles more a “double horn”, typical of rotating disks,
than a single Gaussian.
We created a continuum image by masking the spectral chan-
nels containing the [C ii] emission. From this image we extracted
the size and total continuum flux of the source, as described in
section 2.3. This flux and the ancillary Herschel and SCUBA-
2 photometry is modeled in section 2.4. We then subtracted the
continuum map from the spectral cube and fit the [C ii] emission
with a rotating disk model described in section 2.5. This model
was used to determine the spatial extent, total flux, and kinemat-
ics of the [C ii] emission.
2.2. ALMA astrometry
Given the S/N = 40 of the detection in the new ALMA im-
age, the position of the dust emission is known with an uncer-
tainty of 0.01′′. Since the Hubble imaging of Jekyll also pro-
vides a high S/N detection and shows that Jekyll is very compact
(r1/2 = 0.07 ± 0.02′′; Straatman et al. 2015), the two sources are
undoubtedly offset. However, since Jekyll and Hyde are each de-
tected by a different instrument, it is possible that either image
is affected by a systematic astrometric issue which could spu-
riously generate such an offset. For example Rujopakarn et al.
(2016) and Dunlop et al. (2017) have revealed that the Hubble
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imaging in the GOODS–South field was affected by a system-
atic astrometry shift of about 0.26′′, when compared to images
from ALMA, VLA and 2MASS. The same study also showed
that VLA and ALMA positions match within 0.04′′.
The two galaxies discussed in the present paper are located
in the COSMOS field. Here, all the UV-to-NIR images (includ-
ing that from Hubble) are tied to a common astrometric frame
defined by the CFHT i∗-band image, which itself is ultimately
anchored to the radio image from the VLA (Koekemoer et al.
2007). Since both ALMA and VLA have been shown to provide
consistent absolute astrometry, we do not expect such large off-
sets to exist in the COSMOS field. A comparison of the Hubble
astrometry against Pan-STARRS suggests indeed that no large
offset exists in this field (M. Dickinson, private communication).
To confirm this, we have retrieved from the ALMA archive1
the images of sub-millimeter galaxies in the COSMOS field, ob-
served in bands 6 and 7, and which have a clear counterpart in
the VISTA Ks image within a 1.5′′ radius. We chose the Ks-band
image as a reference instead of the HST H band since it provides
the best S/N for this sub-millimeter sample, and also because it
covers the entire COSMOS field. Since both the Ks and HST im-
ages are tied to the same astrometric reference (see above), the
results we discuss below also apply to the HST imaging.
For each source, we estimated the uncertainty in the ALMA
and VISTA centroids, which depend on the signal-to-noise ra-
tio (S/N) of the source and the size of the beam or point
spread function (σbeam) as ∆pN,X =
√
2σbeam/(S/N). Defining
∆p2N = ∆p
2
N,ALMA + ∆p
2
N,VISTA, we then excluded sources with
∆pN > 0.15′′ to only consider the well-measured centroids. To
avoid blending issues, we excluded from this sample the sources
detected as more than one component in the Ks image or with a
neighbor within 2′′. To avoid physical offsets caused by patchy
obscuration, we also excluded galaxies with a detection on the
Subaru i image significantly offset from the Ks centroid. This
adds up to a sample of 71 galaxies. For each source, we mea-
sured the position of both the ALMA and Ks sources as the flux
weighted average of the x and y coordinates and computed the
positional offset between the two.
The resulting absolute offsets are displayed in Fig. 2. We
found an average of ∆α = +0.068 ± 0.012′′ and ∆δ = −0.031 ±
0.013′′ (ALMA − VISTA), which is confined to less than 0.1′′
but nevertheless significant (see also Smolcˇic´ et al. 2017 where a
similar offset was reported). However, these numbers only apply
to the COSMOS field as a whole (our sample spans 1.2◦ × 1.1◦);
systematic offsets may vary spatially, but average out when com-
puted over the entire field area. To explore this possibility, we
selected only the galaxies that lie within 5′ of our objects, re-
ducing the sample to six galaxies. In this smaller but more lo-
cal sample, we found averages of ∆α = +0.11 ± 0.03′′ and
∆δ = +0.04 ± 0.04′′, which are consistent with the previous val-
ues thus imply no significant variation across the field. For all the
following, we therefore assumed the global offset derived above
and brought the ALMA positions back into the same astrometric
reference as the optical-NIR images.
After subtracting this small systematic offset, the largest off-
set we observed in the full sample of 71 galaxies was 0.33′′, and
0.20′′ in the smaller sample of six galaxies. These values are
both lower than the ∼ 0.5′′ offset we observed between Jekyll
and Hyde and suggest that the latter being offset by chance is
unlikely. We quantify this in the next paragraph.
1 Projects 2013.1.00034.S, 2013.1.00118.S, 2013.1.00151.S,
2015.1.00137.S, 2015.1.00379.S and 2015.1.01074.S.
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Fig. 2. Distribution of observed positional offsets between ALMA and
VISTA in the COSMOS field. The purple histogram shows the observed
distribution for 76 galaxies selected from the ALMA archive, and the
red line is the best-fit model (including telescope pointing accuracy and
uncertainty in the centroid determination on noisy images). Error bars
show counting uncertainties derived assuming Poisson statistics from
the best-fit model. The blue arrow shows the offset observed between
Jekyll and Hyde, and the blue line is the expected offset distribution
given the S/N and PSF width of the two galaxies on their respective
images.
To determine the random astrometric registration errors be-
tween ALMA and VISTA, we modeled the observed offsets us-
ing two sources of offsets (per coordinate). On the one hand,
we considered random offsets caused by noise in the ALMA
and VISTA images, the amplitude of which are given by ∆pN
as described above. On the other hand, we considered the com-
bined pointing accuracy of ALMA and VISTA ∆pT , which we
assumed is a constant value identical for both coordinates. The
total uncertainty on a coordinate of the source i is then ∆p(i)2 =
∆pN(i)2 + ∆p2T . Varying ∆pT on a grid from 0 to 0.5
′′, we gen-
erated 200 Monte Carlo simulations of the sample and com-
pared the simulated offset distribution to the observed one using
a Kolmogorov-Smirnov test. We found ∆pT = 0.080 ± 0.009′′,
and display the best-fit model in Fig. 2. The probability of ob-
serving a given offset by chance is then governed by a Rayleigh
distribution of scale parameter ∆p(i). In the case of Jekyll and
Hyde, the S/N in both VISTA and ALMA is high such that
∆pN = 0.02′′  ∆pT . This implies the probability of observing
an offset of ≥ 0.4′′ by chance is only 10−4 (see Fig. 2), and even
less if we consider that the offset is observed independently in
both band 7 and band 8 images. The observed offset is therefore
real.
2.3. Fluxes and spatial profiles
We used imfit2 v1.5 (Erwin 2015) to model the dust continuum
emission, assuming an exponential disk profile (Hodge et al.
2016) and Gaussian noise. Since we model the dirty image di-
rectly, the correct point-spread function to use in the modeling
is the dirty beam. However since this beam has a zero integral,
one should not re-normalize it at any stage of the modeling. We
therefore had to disable the re-normalization of the PSF in imfit
using the --no-normalize flag. We cross-checked our results
by modeling the continuum emission in line-free channels using
2 https://github.com/perwin/imfit
Article number, page 4 of 22
C. Schreiber et al.: Jekyll & Hyde: quiescence and extreme obscuration 1.5 Gyr after the Big Bang
data
1 arcsec
residual
Fig. 3. ALMA 744 µm continuum emission (left) and residual (right)
after subtracting the best-fit exponential disk model with imfit. The
centroid of the HST emission of Jekyll is indicated with a blue cross.
The beam FWHM is 0.52 × 0.42′′.
both uvmodelfit and uvmultifit (Martí-Vidal et al. 2014),
which both analyze the emission directly in the (u, v) plane rather
than on reconstructed images, and found similar results.
To compute uncertainties in the model parameters, we ran
imfit on simulated data sets with the same noise as the ob-
served data (i.e., a white Gaussian noise map convolved with the
dirty beam and re-normalized to the RMS of the observed im-
age), where we artificially injected a source with the same size
and flux as our best-fit model. The uncertainties were then de-
termined from the standard deviation of the best fits among all
simulated data sets.
The ALMA emission and residual are shown in Fig. 3. We
measured for Hyde a total continuum flux of S 744 µm = 2.31 ±
0.14 mJy, offset from Jekyll by ∆α = −0.132 ± 0.017′′ and ∆δ =
+0.405 ± 0.015′′, which is consistent with the offset previously
measured in the shallower data. This corresponds to a projected
distance of 0.426 ± 0.015′′, i.e., 3.05 ± 0.11 kpc. We showed in
section 2.2 that this offset is highly significant: the dust emission
must therefore originate from another object, Hyde. This source
is marginally resolved, with a half-light radius of 0.10 ± 0.02′′
(i.e., the source is about half the size of the dirty beam). At z =
3.7, this corresponds to 0.67 ± 0.14 kpc.
No significant continuum emission is detected at the location
of Jekyll (0.09±0.06 mJy, assuming a point source, and account-
ing for de-blending and astrometry uncertainty using the proce-
dure described in section 3.1). As illustrated in Fig. 1 (right), the
projected distance between Jekyll and Hyde is much larger than
their respective half-light radii (by a factor ∼5), therefore the two
galaxies do not overlap and form two separate systems.
The far-IR photometry toward the Jekyll +Hyde system was
re-extracted from Spitzer MIPS and Herschel imaging following
a method standard to deep fields (Elbaz et al. 2011), and briefly
summarized below. Given the large beam sizes, it is impossible
to de-blend Jekyll and Hyde on these images. Motivated by the
fact that Jekyll is at least ∼20 times fainter than Hyde on the
744 µm image, we assumed that the entirety of the MIPS and
Herschel fluxes is produced by Hyde.
To account for the poor angular resolution of far-IR images,
we modeled all sources in the ancillary images within a 5′ × 5′
region centered on the system. The 24 to 160 µm images were
modeled with point-like sources at the position of Spitzer IRAC-
detected galaxies. The 250 to 500 µm images were modeled sim-
ilarly, using positions of Spitzer MIPS-detected galaxies. How-
ever since this provided a too high density of prior positions, we
performed a second pass where MIPS priors with 250 µm flux
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Fig. 4. Probability distribution of the dust temperature (Tdust) for Hyde.
This was derived from the χ2 of a grid of Tdust values tested against the
observed photometry. The solid line shows the distribution using all the
FIR photometry, and the dotted line shows how the distribution would
have changed if we had not used the Herschel SPIRE photometry.
less than 3 mJy or negative 500 µm were discarded. Hyde was al-
ways kept in the prior list. The SCUBA2 450 µm flux was taken
from Simpson et al. (2017) assuming no significant contamina-
tion by neighboring sources.
2.4. Far-IR photometry and modeling
We modeled the 24–890 µm photometry with the simple dust
model presented in Schreiber et al. (2017a), and here we briefly
recall its main features. This model has three varying parame-
ters: the dust temperature (Tdust), the infrared luminosity (LIR,
integrated from 8 to 1000 µm) and the 8 µm luminosity (L8).
These templates are designed to describe the far-IR SED of star-
forming galaxies with the best possible accuracy given this small
number of free parameters. They are built from first principles
using the dust model of Galliano et al. (2011), and therefore a
dust mass (Mdust) is also associated to each template in the li-
brary. Compared to simpler gray-body models, these templates
can accurately describe the emission at wavelengths shorter than
the peak of the dust emission.
In the present case, since our data did not constrain the rest-
frame 8 µm emission, we fixed LIR/L8 = 8, which is the value
observed for massive star-forming galaxies at z ∼ 2 (Reddy et al.
2012; Schreiber et al. 2017a). The fit therefore had four degrees
of freedom. Before starting the fit, we subtracted from the ob-
served 24 µm flux the estimated contribution from stellar contin-
uum (3.5 µJy), which we extrapolated from the best-fitting stel-
lar continuum model (section 3.2). Varying the dust temperature,
we adjusted the infrared luminosity to best fit the observed data,
and chose as best fit the dust temperature leading to the smallest
reduced χ2. Uncertainties on all parameters were then computed
by randomly perturbing the photometry within the error bars and
re-doing the fit 5000 times.
The resulting photometry is shown in Fig. 9 (left) along with
our best model. We found a dust temperature of Tdust = 31+3−4 K
and a luminosity LIR = 1.1+0.4−0.3 × 1012 L (error bars include the
uncertainty on Tdust) which is similar to that obtained by Simp-
son et al. (2017). This corresponds to SFRIR = 110+43−33 M/yr
using the Kennicutt (1998) conversion, adapted to the Chabrier
IMF following Madau & Dickinson (2014). The dust mass is
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Fig. 5. Result of the modeling of the [C ii] line emission with a rotating
disk model. The first row shows the spectrally-integrated line intensity
map, and the second row is the velocity field in the central region (indi-
cated with a red box in the first row, 0.6′′ × 0.6′′). The beam FWHM is
0.52 × 0.42′′.
Mdust = 3.2+2.2−1.0 × 108 M, and is less well constrained than LIR
owing to the uncertainty on the dust temperature; the coverage
of the dust SED at high and low frequency would need to be
improved.
Similar values of LIR = 1.4 × 1012 L and SFRIR =
140 M/yr were obtained by simply rescaling the SED of the
z = 4.05 starburst GN20 (Tan et al. 2014), which has a sim-
ilar dust temperature. In fact, significantly hotter temperatures
were ruled out by the non-detections in all Herschel bands and
the low SCUBA2 450 µm flux, see Fig. 4. For example, assum-
ing Tdust = 40 K would have resulted in a combined 2.7σ ten-
sion with the observed photometry. Excluding the SPIRE fluxes,
which are notoriously difficult to measure, we obtained a similar
Tdust = 32+4−5 K.
Given that Jekyll is not detected in any FIR image, we had
to make an assumption on its dust temperature before interpret-
ing its absence on the deep band 8 image. Rather than arbitrarily
picking one temperature, we assumed a range of temperatures to
obtain more conservative error bars. We considered Tdust ranging
from 20 K (as observed in z = 2 quiescent galaxies; Gobat et al.
2017) to 35 K (the upper limit for Hyde) with a uniform probabil-
ity distribution. With this assumption, the non-detection of Jekyll
in the band 8 image translates into LIR = 3.6+3.1−2.4 × 1010 L, or a
3σ upper limit of SFRIR < 13 M/yr. This is the strongest upper
limit ever obtained for a single quiescent galaxy at these redshifts
(Straatman et al. 2014), and is consistent with its quiescent na-
ture derived from the SED modeling, which we revisit in section
3.3. We note that even if we had assumed a high temperature of
Tdust = 40 K, which is substantially hotter than Hyde, the limits
on LIR and SFRIR would still be low: LIR = (1.0± 0.7)× 1011 L
and SFRIR < 31 M/yr (3σ). Yet we consider such high tem-
peratures unlikely; as we demonstrate later in section 3.3, with
only AV = 0.2–0.5 mag the large stellar mass of Jekyll is enough
to reach LIR ∼ 1011 L without on-going star-formation (heat-
ing the dust with intermediate-age stars). This leaves little room
for dust-obscured star-formation, in which case the dust must
be cooler than typically observed in star-forming galaxies (e.g.,
Gobat et al. 2017).
2.5. Rotating disk model
Since the velocity profile of the [C ii] line shows a double-peaked
structure, we modeled the continuum-subtracted spectral cube
with an inclined thin disk model using GBKFIT3 (Bekiaris et al.
2016). We fixed the centroid of the disk to that of the dust con-
tinuum, and varied the scale length (h = 10−5 to 3 kpc), the incli-
nation (i = 5 to 85◦), the position angle (PA = −90 to 90◦), the
central surface brightness (I0 = 0.02 to 22 mJy/kpc2), the sys-
temic velocity (vsys = 300 to 700 km/s), the velocity dispersion
(σv = 30 to 200 km/s), and the turnover radius (rt = 10−4 to
6 kpc) and velocity (vt = 1 to 1000 km/s).
For each combination of these parameters, we computed the
total flux S [C ii] = 2pi I0 h2 cos(i), the half-light radius r[C ii] =
1.68 h, the velocity at 2.2 h, v2.2 = (2 vt/pi) arctan(2.2 h/rt), the
rotation period (or orbital time) trot = 2pi 2.2 h/v2.2 and the dy-
namical mass Mdyn = 2.2 h v2.22/G.
The model best-fitting the observations was determined us-
ing a Levenberg-Marquardt minimization, assuming Gaussian
statistics (see Bekiaris et al. 2016). We applied this fitting pro-
cedure to the observed cube, and determined the confidence in-
tervals as in section 2.3: we created a set of simulated cubes by
perturbing the best-fitting model with Gaussian noise, convolved
them with the dirty beam, and applied the same fitting procedure
to all the simulated cubes to obtain the distribution of best-fit
values. The formal best-fit and residuals are shown on Figs. 1
and 5.
We found the systemic redshift of [C ii] is z = 3.7087 ±
0.0004, while the Balmer lines of Jekyll are at z = 3.7174 ±
0.0009. The corresponding proper velocity difference is 549 ±
60 km/s, and is highly significant. Indeed, the uncertainty on the
wavelength calibration of MOSFIRE is only 0.1,Å or 1.3 km/s
(Nanayakkara et al. 2016), and the observed frequency of
ALMA is known by construction. In addition, both spectra were
converted to the solar-system barycenter reference frame, and
we used vacuum rest-wavelengths for both the Balmer and [C ii]
lines. The dominant source of uncertainty on the velocity offset
is thus the statistical uncertainty quoted above.
The total line flux is S [C ii] = 1.85 ± 0.22 Jy.km/s, which
translates into a luminosity of L[C ii] = (8.4 ± 1.0) × 108 L. The
inclination is relatively low, i = 19 to 55◦, while the turnover
radius is essentially unresolved, rt = 0+0.16−0 kpc. The half-light
radius of the [C ii] emission is consistent with being the same as
that of the dust continuum: 0.11 ± 0.03′′ or 0.80 ± 0.24 kpc. The
disk is rotating rapidly, with a period of only trot = 8.4+7.9−2.8 Myr
and a high velocity of v2.2 = 781+218−366 km/s. Consequently the
inferred dynamical mass is also high: Mdyn = 1.3+1.2−0.8 × 1011 M.
The [C ii]-to-FIR ratio of log10(L[C ii]/LFIR) = −2.91+0.19−0.13 is a
factor 3.6±1.3 lower than the normal value in the local Universe
(Malhotra et al. 1997), which clearly places this galaxy in the
“[C ii] deficit” regime (see Fig. 13). This is discussed further in
section 4.4.
3. Stellar emission
3.1. Photometry
Since Jekyll and Hyde are extremely close, we performed a care-
ful deblending to see if we could detect the stellar emission of
Hyde. We did this by modeling the profile of all galaxies within
a radius of 15′′ with GALFIT (Peng et al. 2002) on the Hub-
ble F160W image, using single Sérsic profiles of varying posi-
3 https://github.com/bek0s/gbkfit
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Fig. 6. Cutouts of the Hubble F160W, VISTA Ks, IRAC 3.6 and 4.5 µm
(from left to right). The first row shows the original images, the second
row shows our best model, the third row shows all sources subtracted
except Jekyll, while the fourth row shows the same thing for Hyde. Each
image is 18′′ × 18′′, and the color table is the same for all images in a
given column. The position of Jekyll is indicated with a blue cross.
tion, total flux, half-light radius, position angle and Sérsic index.
Since Hyde is not detected on the Hubble images, we assumed
instead the disk profile obtained by modeling its dust emission
(see section 2.3). We then used these profiles to build the models
of all galaxies on the other bands using the appropriate point
spread function (PSF), and fit the images as a linear combi-
nation of all these models plus a constant background (fluxes
were allowed to be negative). Prior to the fit, the neighboring
bright elliptical was modeled with four Sérsic profiles, adjusted
with all other sources masked (including a lensed galaxy close
to the core of the elliptical), and was subtracted from each im-
age. A star spike was also removed from the Hubble images.
Using this method, we extracted fluxes on all the Subaru, Hub-
ble, ZFOURGE, VISTA and Spitzer IRAC broad-band images,
covering λ = 0.45 to 8 µm. The result of this deblending de-
pends on the assumption that the shape of all galaxies (including
Jekyll) does not vary strongly between the HST H band and the
other bands, in particular Spitzer IRAC. The clean residuals (see
below and Fig. 6) suggest that this is not a major issue.
To estimate uncertainties, we performed a Monte Carlo sim-
ulation where we varied the noise in each image by extracting
a random portion of empty sky from the residual image, and
co-adding it on top of Jekyll & Hyde. This naturally accounts
for correlated noise and large-scale background fluctuations. The
PSFs were obtained by stacking stars in the neighborhood of our
two galaxies, performing sub-pixel alignment using bicubic in-
terpolation, except for Spitzer IRAC where we built a custom
PSF by co-adding rotated version of the in-flight PSF match-
ing the orientation of the telescope through the various AORs,
weighted by their respective exposure time. Labbé et al. (2015)
showed that the IRAC PSF is very stable in time, such that this
procedure produces very accurate PSFs that can be used to go
deeper than the image’s confusion limit. Photometric zero points
were matched to that of ZFOURGE (Straatman et al. 2016).
Obtaining an accurate de-blending of the Jekyll & Hyde pair
required not only an excellent knowledge of the PSF, but also
of the astrometry. To ensure our astrometry was well matched,
we slightly shifted the WCS coordinate system of all the images
until no residual remained for all the bright sources surrounding
our two galaxies (to avoid biasing our results, the residuals at the
location of Jekyll & Hyde were ignored in this process). These
shifts were no larger than 0.05 ′′ for all bands but Spitzer IRAC,
where they reached up to 0.1 ′′. Most importantly, we also ran-
domly shifted the position of Hyde’s model in the Monte Carlo
simulations used to estimate flux uncertainties, using a Gaus-
sian distribution and the relative astrometry accuracy between
ALMA and Hubble quantified in section 2.2 (∼ 0.08′′). This step
significantly increased the uncertainties in the Spitzer bands.
We could not validate the astrometry of the Spitzer IRAC
5.8 and 8 µm images, since the S/N there is low and not enough
sources are detected in the immediate neighborhood. For these
bands we therefore only measured the total photometry of the
Jekyll & Hyde system. The flux of Jekyll was then subtracted
from these values, by extrapolation of the best-fitting stellar tem-
plate (see next section). The remaining flux was attributed en-
tirely to Hyde.
The resulting residual images are displayed in Fig. 6, and
the fluxes are displayed in Fig. 9. We found that Hyde is clearly
detected in the first two Spitzer IRAC channels ([3.6] = 23.7 and
[4.5] = 22.7), barely detected in the Ks band (Ks = 25.2), and
undetected in all the bluer bands, including those from Hubble
(3σ upper limit of H > 26.3). This implies very red colors, H −
[4.5] = 5.1 ± 0.8, similar to that of “H-dropout” galaxies (Wang
et al. 2016), and strong attenuation by dust. We describe how
we modeled this photometry in the next section and discuss the
results of the modeling in section 3.3.
Even accounting for the uncertainty in the relative astrome-
try between ALMA and HST, the flux ratios between Jekyll and
Hyde is well constrained. In the Monte Carlo simulations, the
ratio SHyde/(S Jekyll + SHyde) was 15+3−2% and 28
+6
−4% in the Spitzer
3.6 and 4.5 µm bands, respectively. Using a simpler χ2 approach
(i.e., ignoring the uncertainty on the relative astrometry), we ob-
tained instead 15.4±0.8% and 28.8±0.6% (see Fig. 7, rightmost
panel). The residuals obtained by fixing the flux ratio of Jekyll
and Hyde to 0, 50 and 100% are shown in Fig. 7, and clearly
show that either of these assumptions provides a poor fit com-
pared to our best values of 15 and 28%. This demonstrates that
Hyde is required to fit the IRAC emission, and that it cannot be
brighter than Jekyll.
Lastly, we have also tried to fit the HST and Spitzer IRAC
4.5 µm images by freely varying the centroids (and for HST only,
the profile shapes) of both Jekyll and Hyde. These fits therefore
did not make use of Hyde’s centroid as observed in the ALMA
image. In the HST image, we found that Hyde is offset from
Jekyll by ∆α = −0.11 ± 0.05′′ and ∆δ = +0.40 ± 0.04′′, while in
IRAC we found ∆α = −0.047 ± 0.02′′ and ∆δ = +0.40 ± 0.03′′.
Both values are consistent with the ALMA position (offset of
0.02 ± 0.08′′ and 0.09 ± 0.06′′, respectively), which provides an
independent evidence of Hyde’s existence as a separate source.
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Fig. 7. Residuals of the Spitzer IRAC 3.6 (top) and 4.5 µm (bottom) images. From left to right: original image, best-fit residual, residual without
Hyde, residual assuming the same flux for Jekyll and Hyde, residual without Jekyll, and χ2 of the fit as a function of the flux ratio S Hyde/(S Jekyll +
S Hyde). Each cutout is 12′′ × 12′′, and the centroids of Jekyll and Hyde are shown with blue and green crosses, respectively.
3.2. Modeling
3.2.1. Description of the code and key assumptions
The photometry of both objects was modeled using FAST++4, a
full rewrite of FAST (Kriek et al. 2009) that can handle much
larger parameter grids and offers additional features. Among
these new features is the ability to generate composite templates
with any star-formation history (SFH) using a combination of
Bruzual & Charlot (2003) single stellar populations. A second
important feature is the possibility to constrain the fit using a
Gaussian prior on the infrared luminosity LIR, which can help
pin down the correct amount of dust attenuation and improve
the constraints on the other fit parameters. This code will be de-
scribed in more detail in a separate paper (Schreiber et al. in
prep.), and we provide a brief summary here for completeness.
The LIR predicted by a given model on the grid is computed
as the bolometric luminosity absorbed by dust, i.e., the difference
in luminosity before and after applying dust attenuation to the
template spectrum, assuming the galaxy’s flux is isotropic (see
Charlot & Fall 2000; da Cunha et al. 2008; Noll et al. 2009). We
thus used the values of LIR determined in section 2.4 to further
constrain the fit. Our adopted dust model is the same as that of
FAST, and it assumes a uniform attenuation (AV) for the whole
galaxy. This implies that dust is screening all stars uniformly,
regardless of their age, which is usually a crude assumption.
Here we argue that there is little room for differential attenuation,
given the small sizes of Jekyll and Hyde (see section 2.3) and the
necessarily short timescales involved in their formation. A uni-
form screen model is therefore a reasonable choice. Compared to
models which assume lower attenuation for older stars, the LIR
predicted by our model will tend to include a larger proportion
of energy from old-to-intermediate age stars, and consequently,
at fixed LIR our model will allow lower levels of on-going star-
formation (see also Sklias et al. 2017). This “energy balance”
assumption has been shown to fail in strong starburst galaxies,
possibly because of optically thick emission; these cases can be
easily spotted as the model then provides a poor fit to the data
(Sklias et al. 2017). This did not happen here.
4 https://github.com/cschreib/fastpp
As in FAST, a “template error function” is added quadrati-
cally to the flux uncertainties, taking into account the uncertainty
in the stellar population model (in practice, this prevents the S/N
in any single band from reaching values larger than 20, see also
Brammer et al. 2008). This error function is not applied to the
MOSFIRE spectrum of Jekyll. Instead, to reflect the fact that the
relative flux between two spectral elements is more accurately
known than their absolute flux, the code introduces an additional
free normalization factor when fitting the spectrum. As a con-
sequence, only the features of the spectrum contribute to the χ2
(i.e., the strength of the absorption lines), and not its integrated
flux.
Finally, we did not include emission lines in the fit. While
z = 3.7 is the redshift where Hα enters the IRAC 3.6 µm band,
possibly contributing significantly to the broad-band flux (e.g.,
Stark et al. 2013), this is not a problem for our galaxies. In-
deed, for Jekyll a contribution of more than 5% of the IRAC
flux would require SFR > 35 M/yr, which is ruled out by
the dust continuum and the absence of emission line in the Ks-
band spectrum (Glazebrook et al. 2017). For Hyde, the modeling
without emission line suggests AV = 3.5 mag (see section 3.3),
therefore a > 5% contribution of the 3.6 µm flux would require
SFR > 170 M/yr, which is higher than that inferred from the
infrared luminosity. The possibility of substantial contamination
of the 3.6 µm band can thus be safely ignored here. The remain-
ing potential contaminant is [O iii], which could contribute to
the Ks band flux. Because of the mask design, the MOSFIRE
spectrum of Jekyll used by Glazebrook et al. did not cover this
line. However, this system was later re-observed as filler in the
MOSEL program (Tran et al. in prep.), with a 1.6 hours expo-
sure in K and a different wavelength coverage including [O iii].
No line was found in this new spectrum, and since the 0.7′′ slit
is wide enough to include potential emission lines from Hyde as
well, we confidently ignored strong emission lines in this analy-
sis.
3.2.2. The grid
Fixing the redshifts to their spectroscopic values, we modeled
the two galaxies using a “double-τ” SFH, i.e., an exponential rise
followed by an exponential decline (see Fig. 8). Compared to the
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Fig. 8. Cartoon picture (top) and examples (bottom) of our model star-
formation history, i.e., the SFR as a function of tobs − t, where tobs is the
time of observation (z ∼ 3.7). In the top row, we show the parameters of
the model SFH in black, and the post-processed quantities in red. The
examples shown in the bottom row are a roughly constant SFH since the
Big Bang (purple), a roughly constant SFH starting 1 Gyr ago (green),
a roughly constant SFH with an abrupt quenching 300 Myr ago (blue),
a brief and old burst (yellow), and a slowly rising SFH with a recent
decline (red). Many more combinations are possible but not shown for
clarity.
top-hat SFH used in Glazebrook et al. (2017), this parametriza-
tion allows additional scenarios where the SFR is reduced grad-
ually over time, rather than being abruptly truncated. The two
phases can have different e-folding times, τrise and τdecl, respec-
tively. The corresponding analytic expression is
SFR(t) = C ×
{
e(tburst−t)/τrise for t > tburst,
e(t−tburst)/τdecl for t ≤ tburst, (1)
where t is the lookback time. The time of peak SFR, tburst, was
varied from 10 Myr to the age of the Universe (1.65 Gyr) in loga-
rithmic steps of 0.05 dex. The two e-folding times, τrise and τdecl,
were varied from 10 Myr to 3 Gyr in steps of 0.1 dex. The con-
stantC, which can be identified as the peak SFR, was finally used
to adjust the normalization of the SFH for each combination of
the above parameters, and eventually determined other derived
properties such as the stellar mass. For each SFH, we computed
the average SFR over the last 10 and 100 Myr (SFR10 Myr and
SFR100 Myr, respectively). In the following we refer to the “cur-
rent” SFR as the average of the last 10 Myr, since variations of
the SFR on shorter timescales are not constrained by the photom-
etry; this average is thus better measured than the instantaneous
SFR one would derive from Eq. 1.
The parameters tburst, τrise and τdecl were chosen to span
a wide range of SFHs (as demonstrated in Fig. 8). However,
their physical interpretation is not immediate, and the result-
ing parameter space contains some degeneracies. For example,
the value of τdecl is mostly irrelevant when tburst is very small,
and conversely the value of tburst is also irrelevant when both e-
folding times are large. We therefore post-processed the result-
ing SFHs to define a handful of well-behaved quantities. First,
defining b = SFR(t)/SFRmax as the ratio between the instan-
taneous and maximum SFR, we computed the time spent with
b < 1% and b < 30% starting from the epoch of observation and
running backwards in time (tb<1% and tb<30%, respectively). This
can be identified as the duration of quiescence (tqu), and will be
equal to zero by definition if the galaxy is not quiescent at the
time of observation. Second, we computed the shortest time in-
terval over which 68 and 95% of the star-formation happened
(t68% and t95%, respectively), which can be identified as the for-
mation timescale (tsf). These quantities are illustrated in Fig. 8.
Finally, to locate the main star-forming epoch, we computed the
SFR-weighted lookback time tform =
∫
t SFR(t) dt/
∫
SFR(t) dt
and the associated redshift zform.
We then varied the attenuation from AV = 0 to 6 magni-
tudes (assuming the Calzetti et al. 2000 absorption curve), and
fixed the metallicity to the solar value (leaving it free had a neg-
ligible impact on the best fit values). A total of about 2 million
models were generated and compared to the photometry of both
galaxies. For Jekyll we also included the MOSFIRE spectrum,
coarsely binned to avoid having to accurately reproduce the ve-
locity dispersion of the absorption lines; in practice this amounts
to introducing a prior on the Balmer equivalent widths. This re-
sulted in 25 and 20 degrees of freedom for Jekyll and Hyde, re-
spectively. Finally, confidence intervals were derived from the
minimum and maximum values allowed in the volume of the grid
with χ2 − χ2min < 2.71 (i.e., these are 90% confidence intervals;
Avni 1976). As a cross check, we also performed 1000 Monte
Carlo simulations where the photometry of each galaxy was per-
turbed within the estimated uncertainties and fit as the observed
photometry, and we then computed the 5th and 95th percentiles
of the parameter distributions. The resulting constraints on the fit
parameters were similar but slightly tighter than those obtained
using the χ2 criterion above; in order to be most conservative we
used χ2-based confidence intervals throughout.
Using simulated bursty SFHs, we show in Appendix A
that the resulting constraints on the quenching and formation
timescales are accurate even if the true SFH deviates from the
ideal model of Eq. 1. The only exception is when a second burst
happened in the very early history of the galaxy. In these cases,
two outcomes are possible: either the older burst is outshined
by the latest burst and is thus mostly ignored (see also Papovich
et al. 2001), leading to underestimated stellar masses and forma-
tion timescales, or the fit to the photometry is visibly poor, with
discrepancies of more than 2σ in the NIR bands. On no occasion
was a star-forming SFH misclassified as quiescent, instead small
residual SFRs were found to potentially bias the quenching times
to lower values.
Finally, we have tried to fit a more complex model than Eq. 1
to our galaxies by including a late exponentially rising burst ac-
tive at the moment of observation, of variable intensity and e-
folding time. The constraints for Jekyll were unchanged, and the
only difference for Hyde was that additional solutions were al-
lowed where the bulk of the galaxy formed very early (z > 5) in
a short burst, while the observed FIR emission was produced by
a more recent burst of lower SFR ∼ 80 M/yr. These solutions
appear unrealistic: the main burst of star-formation would have
happened earlier than in Jekyll and yet the galaxy would still con-
tain more dust than Jekyll. Given that this additional complexity
did not provide further useful information but introduced unre-
alistic scenarios, we decided to keep the simpler SFH of Eq. 1.
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Fig. 9. Left: Photometry of Jekyll (blue) and Hyde (green) from the UV to the sub-milimeter. The observed photometry is shown with diamonds
(downward pointing triangles indicate 2σ upper limits for measurements of significance less than 2σ). The best fitting dust model is shown with
an pale line, and the total model (dust and stars) is shown with a darker line. For illustration, for Hyde we also show a dust model assuming
Tdust = 40 K, which overpredicts the MIPS, Herschel and SCUBA fluxes. The dust model for Jekyll is only illustrative, and was simply normalized
to match the constraint from the 744 µm flux. Right: Zoom-in on the stellar emission, shown in S λ instead of S ν. As described in the text, the
5.8 and 8 µm photometry are shown here only for Hyde; the fluxes in these bands were obtained from aperture photometry of the whole system,
with the predicted contribution of Jekyll subtracted. Here we also show in light blue the range of possible SEDs for Jekyll when all the IRAC
photometry is ignored in the fit.
3.3. Results
The results of the UV-to-FIR SED modeling (section 3.2) are
listed in Table 1 and illustrated in Fig. 10.
3.3.1. Jekyll
We recovered the result of Glazebrook et al. (2017), namely
that Jekyll has quenched >210 Myr before we observed it, at
z ∼ 5, with a formation redshift between zform = 5.4 and 7.6.
The sum of the quenched and star-forming epochs leads to a to-
tal age of tb<30% + t68% = 610 Myr to 1.1 Gyr, which is slightly
older than found by Glazebrook et al. Since some of the flux is
now attributed to Hyde, the stellar mass of Jekyll has decreased
by 30% (-0.14 dex) compared to its initial estimation. The con-
straint from the observed LIR rules out solutions with AV > 0.5
for Jekyll and tends to push the formation timescale toward larger
values, albeit still within the error bars quoted by Glazebrook
et al. These changes are not sufficient to erase the tension with
galaxy formation models, as the baryon conversion efficiency for
a formation at z = 5 is still high (60%). Therefore the conclu-
sions presented in Glazebrook et al. still apply.
We note that we reached this result even when we excluded
the IRAC photometry from the fit; ignoring the IRAC fluxes
would allow a larger stellar mass of up to 1.7 × 1011 M, but
it would not impact the minimum mass. The rest of the data
(i.e., mostly the Ks-band flux, H −Ks color, LIR limit, and MOS-
FIRE spectrum) indeed independently constrain the mass and
SFH, and are sufficient to predict the IRAC 3.6 and 4.5 µm fluxes
of Jekyll with an accuracy of 24 and 28%, respectively (see
Fig. 9, right). These results are thus insensitive to systematics
in the IRAC de-blending. In addition, fitting only the U-to-Ks
broadband photometry also leads to a lower limit on the mass
of 1.0×1011 M; then, the SFH becomes poorly constrained and
the photometry allows dusty star-forming solutions with very ex-
treme M/L, such that the maximum allowed mass increases to
2.9× 1012 M. This shows that the red H −Ks color alone places
a stringent and secure lower limit on the M/L and the mass, since
neither the H nor the Ks bands are significantly contaminated by
Hyde.
A similar analysis of this galaxy pair was done in Simp-
son et al. (2017); they found a substantially lower mass of
0.8 × 1011 M for Jekyll, which is below our minimum allowed
mass. We attribute the source of this difference to the different
UV-IR SED used for Hyde: using an average SMG SED and
rescaling it to the observed ALMA flux for Hyde, Simpson et
al. estimated a contamination of 30% to the Ks band (they pre-
dicted a flux of ∼ 1 µJy). Instead, our explicit de-blending of
the images showed that this value is only 6% (0.33 ± 0.08 µJy);
the ZFOURGE Ks-band has excellent spatial resolution (0.47′′
FWHM), such that a 30% contribution to the flux would be read-
ily apparent (e.g., Fig. 6). Their adopted SED also produces a
higher contribution to the flux in the IRAC bands, albeit to a
lesser extent. Da Cunha et al. (2015) showed that the rest-optical
fluxes of SMGs spans two orders of magnitude at fixed sub-mm
flux (see their Figure 13), which implies that a simple rescaling
of the average SMG SED cannot predict accurate optical fluxes;
an explicit de-blending and SED fit, as used here, is needed for
accurate stellar masses.
3.3.2. Hyde
For Hyde, we found a large stellar mass either comparable to
that of Jekyll or up to a factor three smaller, and a strong at-
tenuation (AV ∼ 3.5 mag) which is substantially redder than the
average SMG (AV ∼ 2; da Cunha et al. 2015). The constraints
on the star-formation history are looser than for Jekyll, how-
ever they are far from devoid of information. In particular, the
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Fig. 10. Range of allowed values for the star-formation timescale (tsf), defined as the time over which 68% of the star-formation happened, and
the quiescence time (tqu), defined either as the time spent with less than 1% (left) or 30% (right) of the peak SFR. The redshift at which the galaxy
“quenched” is given on the top axis. The parameter spaces allowed for Jekyll and Hyde are shown in blue and green, respectively. The dark and
light colored regions show the 68% and 95% confidence regions, respectively. The hashed region at the top indicates the part of the parameter
space that would imply a formation before the Big Bang; such solutions were not explored.
photometry allows scenarios where star-formation was quenched
(b < 1%) up to 200 Myr prior to observation, and rules out cur-
rent SFR higher than 120 M/yr. In all the models allowed by
the fit, the galaxy is located below the z = 4 main sequence by
at least a factor 1.4 (Schreiber et al. 2017b). This includes sce-
narios where the galaxy is simply on the lower end of the main
sequence (with a main sequence dispersion of 0.3 dex, there is
a 30% chance of being located a factor 1.4 below the fiducial
main sequence locus) as well as scenarios where the galaxy has
recently stopped forming stars. Indeed, the SFR averaged over
the last 10 or 100 Myr could also be zero, in which case the FIR
emission in the model comes from obscured non-OB stars (e.g.,
Bendo et al. 2012, 2015; Eufrasio et al. 2017).
Other parameters like the formation timescale cover a broad
range when marginalizing over the allowed parameter space.
However, the allowed values span different ranges depending on
whether Hyde has quenched or not (see Fig. 10). For quenched
models with tb<1% > 50 Myr, t68% can be at most 450 Myr
(and less than 150 Myr at 68% confidence), and the current
SFR < 10 M/yr. On the other hand, if the galaxy is still form-
ing stars (tb<30% = 0) the formation timescale must be at least
250 Myr and the SFR averaged over the last 100 Myr must be
less than 200 M/yr. Therefore, either the galaxy has quenched
after a brief but intense star-formation episode, or it has continu-
ously formed stars at moderate rates over longer timescales. As
we discuss in section 4, the compactness of the galaxy and the
deficit of [C ii] emission favor the former hypothesis.
Finally we note that the observed LIR of Hyde provides cru-
cial constraints on its modeled star-formation history. If LIR had
not been used in the fit, the whole parameter space would have
been degenerate, and both the quiescence time and the formation
timescale would be unconstrained.
4. Discussion
Using the diverse data and modeling presented in the previous
sections, we now proceed to discuss the implications for the two
galaxies studied in this paper.
While we were analyzing the data, Simpson et al. (2017)
concurrently performed a similar analysis to that undertaken
here, but using the shallower ALMA data in which the sub-
millimeter emission was first detected, and without the informa-
tion of the [C ii] emission. Assuming the sub-millimeter emis-
sion originates from an obscured component within the same
galaxy, they subtracted this obscured component from the to-
tal photometry using an average optical SED for SMGs and re-
evaluated the stellar mass of the quiescent component. They con-
cluded that the mass reported in Glazebrook et al. (2017) had
been overestimated by a factor two or more, and that after cor-
rection the tension with models (e.g., Wellons et al. 2015; Davé
et al. 2016) was erased. They further argued that sub-millimeter
emission is not an unusual feature in so-called post-starburst
galaxies, and implied that the galaxy may not be as old as it was
initially claimed.
Based on the new ALMA data and an explicit de-blending
of the UV-near-IR imaging, our findings are not consistent with
those of Simpson et al. (2017). We obtained definite proof that
the sub-millimeter emission is in fact produced by a separate
galaxy (see section 4.2), which is extremely obscured. The col-
ors of the dusty galaxy are redder than assumed by Simpson et
al., resulting in a lower contamination of the photometry of the
quiescent galaxy and a milder reduction of its stellar mass (see
the discussion in section 3.3). The quiescent galaxy, in turn, is
not detected in our deep dust continuum map, imposing a strin-
gent upper limit on its obscured SFR. We discuss this further in
the next section.
4.1. No significant dust-obscured star-formation in Jekyll
Simpson et al. (2017) argued that deep Balmer absorption lines,
as observed in Jekyll, are not uniquely associated with truly post-
starburst galaxies and can be observed in dusty starbursts as
well. This can happen if the A stars, responsible for the Balmer
absorption features, have escaped the dust clouds, where star-
formation is still on-going and fully obscured. Such galaxies are
labeled “e(a)” (Poggianti & Wu 2000). Simpson et al. quoted
Mrk 331 as an example.
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Fig. 11. Best stellar model of Jekyll, compared to the models of two local LIRGs with Balmer absorption lines, Mrk 331 and Arp 224, obtained by
Brown et al. (2014). All these models use spectra to constrain the strength of the Balmer absorption lines (the spectra are not shown for clarity).
the models of the two LIRGs were rescaled to match the continuum level of Jekyll at rest wavelengths between 0.45 and 0.48 µm.
We have shown in section 2.3 that there is no detectable
sub-millimeter emission at the position of Jekyll, therefore the
amount of obscured star-formation in this galaxy must be partic-
ularly small (SFRIR < 13 M/yr at 3σ, converting the limit on
the observed LIR to SFR directly, assuming no contribution of
older stars to the dust heating). In the following, we nevertheless
argue that Jekyll has very different spectral properties than those
“e(a)” galaxies, and therefore the possibility of it belonging to
this class of object could have been discarded from the start.
We display our best model for Jekyll and that of Mrk 331
as obtained by Brown et al. (2014) in Fig. 11. It is immediately
apparent that Mrk 331 has a weaker Balmer break, implying a
younger stellar population. But more importantly it has an Hδ
equivalent width of only 4.1 Å, a factor two lower than that ob-
served in Jekyll, and Hβ in emission rather than absorption (see
Poggianti & Wu 2000). It is thus clear that Mrk 331 is not a good
analog of Jekyll.
Poggianti & Wu (2000) analyzed the Balmer equivalent
widths of a complete sample of luminous infrared galaxies
(LIR > 3 × 1011 L) drawn from the IRAS 2 Jy catalog (see Wu
et al. 1998). This catalog covers 35 000 square degrees with red-
shifts up to z ∼ 0.1, which corresponds to a volume 300 times
larger than that covered by ZFOURGE at 3.4 < z < 4.2. Of the
52 galaxies with spectral coverage for both Hβ and Hδ (60% of
their sample), none has EWHδ > 7 Å and EWHβ > 7 Å, while
Jekyll has EWHδ = 9.8 ± 2.6 Å and EWHβ = 19.2 ± 4.2 Å (NB:
in their Table 1, Poggianti et al. listed the equivalent widths of
Hδ with positive values for absorption, but they used the oppo-
site convention for Hβ). The closest match is Arp 243 (IRAS
08354+2555), with EWHδ = 7.2 Å and EWHβ = 5.3 Å, which
we also show on Fig. 11. While the absorption lines are stronger
than in Mrk 331, the Balmer break is also much weaker.
Despite the larger volume of the IRAS catalog, no galaxy
from this sample matches simultaneously the strong Balmer
break, Hδ, and Hβ absorption observed in Jekyll. It is therefore
clear that Jekyll has little in common with “e(a)” galaxies, and
its non-detection on our deep dust continuum map confirms this
conclusion.
4.2. Hyde is a separate galaxy
Given the close proximity of Jekyll and Hyde, it is legitimate to
wonder if these are, indeed, two separate galaxies or two com-
ponents of a single galaxy. This distinction goes beyond mere
semantics: if these are two different galaxies, their formation his-
tory can be studied separately as their stellar, dust, and gas com-
ponent have never mixed. They can be considered as two closed
boxes with no exchange of matter. On the other hand, if these
were two regions of a single galaxy, it would be possible for mat-
ter to migrate from one region to the other, and only the summed
star-formation history of both components would be meaning-
ful. One could imagine, for example, that the entire galaxy has
been forming stars continuously, and that old stars have migrated
out of the dusty star-forming region a few hundred million years
prior to observation.
The answer to this question therefore determines whether
or not we have found a truly quiescent galaxy at z ∼ 4. We
stress however that there is one fact that holds regardless: the
detection of the Balmer absorption lines in Jekyll imposes, with-
out a doubt, that about 1011 M of stars were already formed at
z ∼ 5. The implied past SFR and its consequence on galaxy evo-
lution models (see section 3.3 and Glazebrook et al. 2017) is not
changed by this discussion.
Based on the data we present in this paper, a number of ar-
guments can be put forward to show that indeed these are two
separate galaxies. First, the large line-of-sight velocity difference
of ∼550 km/s demonstrates their existence as two kinematically
separate components, rather than an homogeneous mixture of
stars and dust. Second, the projected distance between Jekyll and
Hyde corresponds to five times their respective half-light radii,
which rules out the interpretation of this system as a smooth
galaxy with an attenuation gradient. Indeed, while Chen et al.
(2015) showed that physical offsets as large as ∆p = 3.3 kpc
are common when comparing the ALMA and HST emission of
z ∼ 2 SMGs, if caused by an attenuation gradient the amplitude
of such offsets must naturally scale with a galaxy’s size. Chen et
al. found an average stellar half-light radius of r1/2 ∼ 4 kpc for
their SMGs, implying an average ∆p/r1/2 ∼ 0.8. For a galaxy
as small as Jekyll, this corresponds to a potential offset of the
order of 0.4 kpc only, or 0.06′′, which is much smaller than the
observed 0.43′′.
Article number, page 12 of 22
C. Schreiber et al.: Jekyll & Hyde: quiescence and extreme obscuration 1.5 Gyr after the Big Bang
Table 1. Properties of Jekyll & Hyde.
Jekyll Hyde
zspec 3.7174 ± 0.0009 3.7087 ± 0.0004
Dust properties
S 744µm (mJy) 0.09 ± 0.06 2.31 ± 0.14
rdust (kpc) – 0.67 ± 0.14
Tdust (K) 20 – 35 a 31+3−4
LIR (1012 L) b 0.036+0.031−0.024 1.1
+0.4
−0.3
LFIR (1012 L) c 0.020+0.020−0.014 0.67
+0.25
−0.22
SFRIR (M/yr) 3.6+3.1−2.4 110
+43
−33
Mdust (108 M) d 0.19+0.26−0.13 3.2
+2.2
−1.0
ΣFIR (1011 L/kpc2) – 2.3+1.9−1.0
[C ii] properties
S [C ii] (Jy.km/s) – 1.85 ± 0.22
r[C ii] (kpc) – 0.80 ± 0.24
L[C ii] (108 L) – 8.4 ± 1.0
log10(L[C ii]/LFIR) – −2.91+0.19−0.13
v2.2 (km/s) – 781+218−366
σv (km/s) – 79+30−37
T v2.2/σv – 9.8+6.3−4.6
trot (Myr) – 8.4+7.9−2.8
Mdyn (1011 M) – 1.3+1.2−0.8
Inferred gas properties
Mgas (1010 M) < 3.5 3.6+4.3−1.9
fgas < 25% 12 – 70%
Σgas (104 M/pc2) – 1.0+1.8−0.6
tff (Myr) – 1.2+0.9−0.6
Stellar properties (90% confidence intervals)
M∗ (1011 M) 1.03 – 1.35 0.34 – 1.28
r∗ (kpc) 0.49 ± 0.12 e –
Σ∗ (104 M/pc2) 2.2 – 9.7 0.9 – 6.6 f
AV (mag) 0.19 – 0.48 2.68 – 3.81
SFR10 Myr (M/yr) 0 – 0.48 0 – 119
SFR10 Myr/SFRMS 0 – 10−3 0 – 0.72
SFR100 Myr (M/yr) 0 – 0.65 0 – 828
ΣSFR (M/yr/kpc2) 0 – 0.18s 0 – 61
tb<1% (Myr) 210 – 661 0 – 204
tb<30% (Myr) 337 – 724 0 – 570
t68% (Myr) 22 g – 839 22 g – 1079
t95% (Myr) 58 g – 1246 58 g – 1566
a This is the range of temperatures assumed to estimate LIR and Mdust for
Jekyll only. It is not a measurement. b 8 to 1000 µm. c 42.5 to 122.5 µm.
d These dust masses correspond to a model with amorphous carbon
grains, which provides values a factor 2.6 lower than the graphite-based
models commonly used in the literature (e.g., Draine & Li 2007). e From
Straatman et al. (2015), 68% confidence interval. f Assuming that stars
follow the same profile as dust. g These values are limited by the mini-
mum e-folding times allowed in the grid.
Third, the fact that their stellar masses are comparable rules
out the possibility of Jekyll being a satellite clump in the disk of
Hyde. This hypothesis could be suggested by the fact that low-
mass UV-bright clumps are often found in the outskirts of SMGs
(e.g., Targett et al. 2013). Yet, beside its small size Jekyll has
little in common with these clumps (see Guo et al. 2012): it is
massive and old, and dominates the flux at all λ ≤ 4.5 µm. In
addition, the projected velocity predicted by our disk modeling
at the position of Jekyll is +289+54−72 km/s, which is only half of
the observed velocity offset of +549±60 km/s. Therefore, Jekyll
cannot be part of Hyde’s disk.
The fourth and last evidence that these are two separate
galaxies lies in the velocity structure of the [C ii] line. Indeed,
“double horn” velocity profiles like that shown on Fig. 1 can only
be obtained with a flattened rotation curve, which implies that
the [C ii] emission is confined within its own dark matter halo
(we tried building a model with a clump embedded in the halo of
Jekyll, but this never produced such double-horn profile). Linear
velocity gradients on scales larger than 0.6 kpc (0.1′′) are ruled
out by our disk modeling. A similar velocity profile could also
be produced by two dispersion-dominated components of equal
mass but different systemic velocity, e.g., an on-going merger of
two dusty galaxies, but there is no evidence that the dust contin-
uum emission has two spatial components. Ruling out this possi-
bility would require a spectrum with a higher S/N than we have
here. Finally, the interpretation of the [C ii] emission generated
by outflowing material from Jekyll is ruled out by the detection
of dust and stellar continuum spatially-coincident with the line
emission.
Given this suite of evidence, the hypothesis of this Hubble
and ALMA emission coming from a single galaxy appears un-
likely. We thus conclude that Jekyll and Hyde are indeed two
separate galaxies, and therefore that Jekyll is a galaxy in which
star-formation has uniformly stopped sometime around z ∼ 5.
Incidentally, the spectroscopic redshift of Hyde constitutes
one of the few robust redshift measurement of an “H-dropout”
galaxy (see also Daddi et al. 2009b for GN-10 at z = 4.04 and
Walter et al. (2012) for HDF-850.1 at z = 5.18). The H-dropout
population was first identified in the Spitzer IRAC images as
sources having no counter-part in the deep H or K-band images,
implying high redshifts, large stellar masses and extreme obscu-
ration (e.g., H − [4.5] > 2.5, Huang et al. 2011; Caputi et al.
2015; Wang et al. 2016). This obscuration makes it impossible to
determine redshifts using nebular lines, and their SEDs are also
lacking identifiable features such as the Lyman or Balmer break
so their photometric redshifts are poorly constrained. Wang et al.
(2016) showed that, if all at z ∼ 4, these galaxies could contribute
significantly to the mass function and cosmic SFR density, but
were previously missing from most high redshift census. The
confirmation of Hyde at z ∼ 4 supports this result and highlights
the importance of better understanding this population.
4.3. Compactness as a tracer of quenching
Hyde has very compact dust emission, r1/2 < 1 kpc. From the
absence of NIR emission in the outskirts of the galaxy (as could
have been detected by Hubble), we assumed that dust is well
mixed with the stars, and therefore that the stellar size must be
comparable to the dust size. As shown in Fig. 12, for a stellar
mass above 4 × 1010 M at 3.4 < z < 4.2, only one or two of the
14 other star-forming galaxies (SFGs) in ZFOURGE with HST
coverage have r1/2 < 1 kpc; instead, this size is typical for qui-
escent galaxies (Straatman et al. 2015; and see also Allen et al.
2017). The size of Hyde is in fact remarkably similar to that of
Jekyll (r1/2 = 0.49 ± 0.12 kpc; Straatman et al. 2015).
Similarly compact SFGs have been found at higher redshifts
(z ∼ 4.5), albeit with SFRs larger by an order of magnitude, and
were interpreted as being triggered by major mergers (Oteo et al.
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Fig. 12. Relation between the half-light radius (r1/2) and the stellar mass
for ZFOURGE galaxies with HST coverage (80% of the whole sample).
Jekyll and Hyde are shown as blue and green squares, respectively, and
are compared to other z = 4 galaxies in the same field (Straatman et al.
2015). Star-forming galaxies are shown in blue, quiescent galaxies in
red. The half-light radii are derived from the Hubble F160W imaging
(hence, rest-frame U band) for all galaxies except Hyde, for which the
radius is that of the dust continuum.
2016). Post-starburst galaxies at 1 < z < 2 have sizes similar to
quiescent galaxies (Almaini et al. 2017), implying that the in-
crease in compactness must happen within a short period of time
surrounding the quenching event. In fact, the relation between
stellar surface density and specific SFR of all galaxies in this
redshift range suggests that SFGs become compact before they
quench (Barro et al. 2013). However, the converse appears to be
true at z = 0: among galaxies with strong Hδ absorption, only
those post-starburst galaxies with no detectable star-formation
have the size and morphology of quiescent galaxies (Wilkinson
et al. 2017). This suggests that, in the present day, the increased
in compactness happens after star-formation has started to de-
cline, and therefore that different quenching mechanisms have
acted throughout the history of the Universe (e.g., Schreiber et al.
2016).
In the high-redshift context, a compelling evolutionary link
can be drawn in which Hyde has formed rapidly through major
mergers, building up its dense stellar core, and is now on its way
to become a quiescent galaxy not unlike its companion Jekyll.
One could even speculate that this burst of star-formation was
triggered (or, indeed, terminated) by a recent interaction with
Jekyll (see section 4.6). This would be consistent with the sce-
nario suggested by the SED modeling in which Hyde has just
quenched or is in the process of quenching.
Assuming that all galaxies must grow a compact core before
they quench, Barro et al. (2013) found that compact z ∼ 2 SFGs
had to become quiescent rapidly, within 300 to 1000 Myr. Straat-
man et al. (2015) also showed that compact SFGs remained rare
both at z ∼ 4 and z ∼ 3 (∼ 7% of the SFGs), supporting the idea
that compact SFGs cannot remain star-forming for very long.
We therefore concluded that Hyde must be observed in this brief
phase leading to quenching. Since the growth of a compact core
supposedly precedes quenching, this argument does not allow
us to determine if Hyde has already quenched or not, only that
it must be observed within 300 to 1000 Myr of its quenching.
Given that Hyde is located at least a factor two below the main
sequence, it is however probable that the quenching process has
already started, and perhaps even ended.
4.4. The cause of the low L[C ii]/LFIR ratio
We now turn to interpreting the low L[C ii]/LFIR ratio of Hyde in
light of the above discussion.
4.4.1. Comparison to known galaxies and trends
We show in Fig. 13 (left) a compilation of L[C ii]/LFIR measure-
ments for both low- and high-redshift galaxies. At the luminosity
of Hyde (LFIR ∼ 1012 L), [C ii] deficits are typical in the local
Universe (e.g., Díaz-Santos et al. 2013) but become rare at high
redshifts (e.g., Brisbin et al. 2015; Gullberg et al. 2015; Capak
et al. 2015; Schaerer et al. 2015; Smit et al. 2017), except perhaps
in quasars (e.g., Venemans et al. 2016). In fact, searching the lit-
erature we found only three high-redshift galaxies with similar
L[C ii]/LFIR and LFIR . 1012 L: the lensed galaxy observed by
Schaerer et al. (2015) at z ∼ 2, and the galaxies found by Trakht-
enbrot et al. (2017) in the vicinity of z ∼ 4.5 quasars.
The galaxy studied by Schaerer et al. is located a factor ∼20
above the main sequence (Sklias et al. 2014, see also Fig. 13,
right) and is thus an extreme starburst. Such galaxies are known
to have systematically lower L[C ii]/LFIR ratios in the local Uni-
verse (Díaz-Santos et al. 2013): indeed, essentially all the galax-
ies with L[C ii]/LFIR < 10−3 in the sample of Díaz-Santos et
al. have SFR/SFRMS > 3, thus in the local Universe [C ii] deficits
mainly correspond to unusually high star-formation activity. As
shown on Fig. 13, a similar trend can be observed at higher red-
shifts: apart from the galaxies from Trahktenbrot et al. (which
we discuss below), all galaxies with L[C ii]/LFIR < 5 × 10−3 are
at least a factor of two above the main sequence. In contrast, the
more normal z ∼ 5 LBGs (Capak et al. 2015; Smit et al. 2017)
and z ∼ 2 galaxies (Brisbin et al. 2015) have no deficit. Hyde is
located below the main sequence by a factor of two or more (see
Fig. 13, right), and is thus not a starburst galaxy. This suggests
the cause for the deficit in Hyde must be different from that of
the Schaerer et al. galaxy and of the other luminous starbursts.
The z = 4.5 galaxies of Trakhtenbrot et al. are more moder-
ate systems, as they lie within the scatter of the main sequence or
even below it. These should thus be more directly comparable to
Hyde, although we caution that their masses, SFR and LFIR are
only poorly constrained (LFIR are estimated from a single flux
measurement, their dust temperatures being unknown, and stel-
lar masses are based on dynamical masses). The fact that these
galaxies are satellites of bright quasars, which are believed to
soon turn into quiescent galaxies, is reminiscent of the proximity
of Hyde and Jekyll. It is unknown whether Jekyll did go through a
quasar phase while quenching, but if super-massive black holes
do reside in the cores of all galaxies, then given Jekyll’s high
stellar mass and compact size, a past quasar phase seems diffi-
cult to avoid (see also section 4.5). One could then speculate that
the depleted [C ii] emission could reflect a modification of the
gas properties caused either by gravitational interaction with a
massive neighbor, or by the quasar’s intense radiation.
More generally, it is observed in the local Universe that the
L[C ii]/LFIR ratio is tightly correlated with the surface density of
IR luminosity (ΣFIR; Lutz et al. 2016; Diaz-Santos et al. 2017) or
equivalently with the SFR density. The origin of this relation is
not clear, but it seems to hold over multiple orders of magnitudes
of ΣSFR, at both low and high redshifts (Smith et al. 2017). De-
spite its moderate LIR, Hyde has an unusually small size and its
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Fig. 13. Left: Relation between the L[C ii]/LFIR ratio and LFIR. The values observed for Hyde are shown with a green square. The range of values
found in z = 0 luminous infrared galaxies are indicated with the hashed region (Díaz-Santos et al. 2013). High-redshift galaxies from the literature
are shown with colored circles: light blue for the z = 2 galaxies of Brisbin et al. (2015), dark blue for the lensed z = 2 galaxy studied in Schaerer
et al. (2015), red for the z = 4.5 SMGs found near quasars in Trakhtenbrot et al. (2017), purple for the z = 5 LBGs of Capak et al. (2015), and
finally orange a collection of galaxies at z = 3 to 5 (Cox et al. 2011; De Breuck et al. 2011; Valtchanov et al. 2011; Swinbank et al. 2012; Walter
et al. 2012; Wagg et al. 2012; Riechers et al. 2013, 2014; Gullberg et al. 2015; Oteo et al. 2016). Galaxies from Brisbin et al. and Gullberg et
al. with unknown magnification factors were assumed to have µ = 10 (the average of the published magnifications from both samples). When
needed, we assumed LFIR = LIR/1.5. Right: Relation between the offset from the main sequence (SFR/SFRMS) and the stellar mass for the galaxies
on the left with measured masses. If no stellar mass estimate was available, we inferred it from the dynamical mass assuming a gas fraction of
50%. The value of SFRMS was taken from Schreiber et al. (2015) at z < 3.5 and Schreiber et al. (2017b) at 3.5 ≤ z ≤ 4.5; values at higher redshifts
were estimated assuming a redshift dependence of (1 + z)1.5. On this plot, we also show with purple circles the two z = 6.6 LBGs of Smit et al.
(2017), which are detected in [C ii] but not in the FIR continuum, and thus for which the SFR is based only on the UV luminosity. We also show
the position of z = 4 main sequence galaxies from Schreiber et al. (2017b) as small green squares; these galaxies have no [C ii] measurement. The
90% confidence region for Hyde is shown in light green, and the most conservative upper limit of Jekyll (SFR < 13 M/yr at 3σ, as obtained from
SFRIR) is shown with a blue arrow for reference.
IR density is relatively high: ΣFIR = (2.3+1.9−1.0)×1011 L/kpc2. Ac-
cording to the L[C ii]/LFIR – ΣFIR relation of Lutz et al. (2016), this
value should correspond to log10(L[C ii]/LFIR) = −3.2 to −2.9,
which is in very good agreement with our observed ratio.
In most galaxies, LFIR is a direct tracer of SFR and both
quantities have thus been used interchangeably to investigate the
cause of the [C ii] deficit. Yet there is a physical difference be-
tween LFIR and SFR: LFIR may only represent the obscured SFR,
and it may also include contributions from energy sources other
than recent star-formation (e.g., older stars, or AGNs). Obser-
vationally, it is actually unknown which of LFIR or SFR is best
related to the [C ii] luminosity.
4.4.2. A softer radiation field?
Interpreting the [C ii] line flux from the point of view of phys-
ical conditions in the interstellar medium (ISM) is not straight-
forward since [C ii] can originate from multiple phases of the
ISM (e.g., Stacey et al. 1991; Madden et al. 1993), and there
are therefore a number of ways to explain a deficit (Malhotra
et al. 2001). In nearby galaxies, the majority of the [C ii] emis-
sion originates from photo-dissociation regions (PDRs; Stacey
et al. 2010). In this environment, carbon is easily ionized, and
the excitation of the fine-structure [C ii] emission is provided by
collisions with gas particles, themselves heated by interactions
with free electrons (Tielens & Hollenbach 1985; Stacey et al.
2010). These electrons are extracted from small dust grains and
polycyclic aromatic hydrocarbon (PAH) molecules through the
photoelectric effect of far UV photons emitted by nearby young
stars (Weingartner & Draine 2001). Therefore the [C ii] emission
is ultimately tied to the ambient far-UV radiation.
One possible explanation for a low L[C ii]/LFIR ratio would
thus be a softer stellar radiation field (Nakagawa et al. 1995;
Luhman et al. 1998; Kapala et al. 2017; Lapham et al. 2017):
[C ii] is depressed by a lack of PAH-ionizing photons (E > 6 eV,
mostly emitted by O and B stars), while residual IR emission
is still produced by heating from less energetic photons (mostly
produced by intermediate-age stars). This would imply a recent
diminution of star-formation, which we quantify in the next para-
graph. As noted in Malhotra et al. (2001), this scenario cannot
be the right explanation for all the [C ii]-deficient galaxies since
it would imply that all starburst galaxies are observed after an
substantial reduction of their star-formation activity. But in our
case it is consistent with Hyde being located below the main se-
quence, as well as with the model of Diaz-Santos et al. (2017):
at Tdust = 31 K and log10(L[C ii]/LFIR) = −2.91, they predict that
only half of the [C ii] emission is coming from dense PDRs; the
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Fig. 14. Ratio of the luminosity of the [C ii] line (L[C ii]) to the far-IR
luminosity (LFIR, 42.5 to 122.5 µm) produced by a composite stellar
population, as predicted by the toy model described in the text. These
values correspond to a stellar population created in a single burst from
t = −100 to t = 0 Myr, and with varying amounts of residual star-
formation after the burst. The red line shows the case where there is no
residual star-formation, while the orange curve corresponds to a residual
SFR 150 times lower than the SFR during the burst. The blue line corre-
sponds to an exponentially declining SFR after the burst, with timescale
100 Myr. The green line shows the case of constant star-formation for
reference (i.e., no end to the burst). The [C ii] deficit of Hyde and its
error bar are indicated with a dark gray band and shaded region in the
background. Lastly, the relative decrease of LIR with time in the case of
no residual star-formation is shown with a dotted line.
rest of the emission is produced in regions of hot, diffuse ion-
ized gas (see also Croxall et al. 2017). There, ionization can
be caused by sources other than young stars, such as post-AGB
stars, shocks, or an active galactic nucleus (see Annibali et al.
2010 and references therein).
4.4.3. A toy model using composite stellar populations
We thus built a toy model to estimate the timescale over which
a reduced SFR could cause an observable [C ii] deficit (see also
Kapala et al. 2017 where a similar approach was used). Since the
[C ii] emission in PDRs is ultimately modulated by the ionization
of dust grains and PAHs, it will respond to the incident flux of
photons with 6 . E < 13.6 eV (912 < λ . 2000 Å; Stacey et al.
2010), so LPDR[C ii] ∝ LE>6eV. Since Hyde is strongly attenuated (see
section 3.3), one can assume that LIR = Lbol, and since LFIR '
0.61 LIR for Hyde, the ratio LE>6eV/Lbol is a proxy for LPDR[C ii]/LFIR.
Considering a stellar population formed in a 100 Myr burst
followed by varying amounts of residual star-formation, includ-
ing a continuation of the burst, we computed the time depen-
dence of LE>6eV and Lbol using the Bruzual & Charlot (2003)
stellar population synthesis model (the composite stellar popula-
tion was built using FAST++). Assuming stars always remain in
their birth cloud, we first estimated an empirical conversion be-
tween LE>6eV and LPDR[C ii]. For a system forming stars at a constant
rate, after 100 Myr the ratio LE>6eV/Lbol is equal to 0.68 (this
value decreases only mildly with time afterwards, reaching 0.59
after 600 Myr). This should correspond to the average LPDR[C ii]/LFIR
ratio for star-forming galaxies. Diaz-Santos et al. (2017) show
that, for a galaxy of Tdust ∼ 30K, the LPDR[C ii]/LFIR ratio is on av-
erage 0.9%, from which we derived LPDR[C ii] = 7.5 × 10−3 LE>6eV.
For the diffuse ionized gas component, this same model predicts
Lion[C ii]/LFIR = 0.05%, which we assumed is independent of the
stellar radiation field. The observed L[C ii]/LFIR is then the sum
of these two components:
L[C ii]
LFIR
=
LPDR[C ii]
LFIR
+
Lion[C ii]
LFIR
= 1.3 × 10−2 LE>6eV
Lbol
+ 5 × 10−4 . (2)
Based on the sample of Diaz-Santos et al. (2017), we expect
the scatter in both terms of this formula to be of the order of
0.2 dex. We finally stress that the above equation only applies to
galaxies with Tdust ∼ 30 K, the numerical constants being depen-
dent on the temperature.
4.4.4. Comparison with the deficit of Hyde
The evolution of L[C ii]/LFIR predicted by this simple model is
shown in Fig. 14 for various star-formation histories following
the initial burst. In the case with no residual star-formation, the
model predicts the L[C ii]/LFIR ratio decreases by a factor 3 about
100 Myr after the burst. If instead star-formation continues after
the burst at a rate even 150 times lower than during the burst,
the deficit barely reaches that observed in Hyde, suggesting that
little on-going star-formation is allowed. If the decline in SFR
is more gradual, with SFR ∼ e−t/τ and τ = 100 Myr, a drop of
a factor 3 is reached 400 Myr after the burst. Therefore, deficits
such as the one we observe can be explained if the galaxy is
observed more than 100 Myr after the end of an intense star-
formation episode, with an additional lag if star-formation was
reduced gradually rather than immediately. On the other hand,
these timescales could be shorter if stars were allowed to leave
their birth cloud early (e.g., after 100 Myr; Charlot & Fall 2000),
or if the deficit of [C ii] is only partly caused by a reduced star-
formation (in which case the “baseline” value for a constant SFR
would be lower to begin with, and it would take less time to reach
the observed value).
This is consistent with the constraints on the quiescent time
for Hyde obtained from the SED modeling, and would favor the
scenario where the galaxy has just stopped forming stars. In the
case of no residual star-formation, the LIR observed 100 Myr af-
ter the burst is 12 times lower than the peak value during the
burst (see dotted line in Fig. 14): for Hyde, this would imply
a peak SFR of ∼ 1000 M/yr leading to a formation timescale
of only 50 Myr, which is also consistent with the SED model-
ing and observation of strong starbursts at higher redshifts (e.g.,
Daddi et al. 2009a; Riechers et al. 2013; Oteo et al. 2016). This
also implies that the galaxy cannot be observed too late after a
burst, in which case the residual dust continuum emission would
be weak, and the inferred SFR during the burst would reach val-
ues that have never been observed (SFR > 104 M/yr).
Finally, if we were to directly apply Eq. 2 to the range of
SFHs allowed by the SED modeling, including the expected
scatter, we would predict an observed log10(L[C ii]/LFIR) ranging
from −2.75 to −1.98 for the quenched SFHs (tb<1% > 50 Myr),
which encompasses the measured value within the error bar, and
−2.43 to −1.85 for the star-forming SFHs (tb<30% = 0), which is
too high by at least 2.5σ. Our toy model is fairly rudimentary so
this comparison can only be indicative, but it does suggest that
the star-forming solutions are disfavored.
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These conclusions could be validated by observing other
far-IR lines which uniquely trace diffuse ionized gas, such as
[N ii]205, and determine what fraction of the [C ii] is actually pro-
duced in PDRs without relying on the z = 0 results of Diaz-
Santos et al. (2017).
4.5. Star-formation efficiency
To understand the star-formation processes in Hyde and deter-
mine which process may be at play, it is useful to estimate its
star-formation efficiency and gas fraction.
4.5.1. Estimating the efficiency
From the results of the SED modeling, we constrained the cur-
rent SFR of Hyde to be less than 119 M/yr at 90% confidence,
and possibly zero. Given the size measured in the band 8 image,
this translates into an 90% confidence upper limit on the SFR
surface density, ΣSFR = (SFR/2)/(pi r1/2,dust2) < 61 M/yr/kpc2.
If we consider the models where Hyde has quenched, this could
be further reduced to ΣSFR < 5.1 M/yr/kpc2.
To compute the gas surface density, we can assume the [C ii]
line traces the geometry of the gas in the galaxy, but estimat-
ing the gas mass is harder. We can follow two independent ap-
proaches: first, using the dust mass and assuming a gas-to-dust
ratio, and second, using the [C ii] line luminosity.
The far-IR SED of Hyde does not precisely constrain the
dust mass, but we can nevertheless use it to obtain an order-of-
magnitude estimate of the gas mass. In Schreiber et al. (2016),
we have calibrated the gas-to-dust ratio (δGDR) of our adopted
dust library against CO and H i measurements of local galaxies;
these gas-to-dust ratios are higher than would be obtained with
other dust models, such as the Draine & Li (2007) model, since
the assumed dust chemical composition is different. We found
δGDR = (155 ± 23) × (Z/Z), where Z is the gas-phase metal-
licity, with a residual scatter of 0.2 dex. The metallicity of Hyde
is unknown, however given its large dust content it is probably
close to solar. In all the following calculations we assumed so-
lar metallicity, with an uncertainty of a factor two. Folding in
all these uncertainties, the dust mass translates to a gas mass of
Mdustgas = 5.9
+8.6
−3.6 × 1010 M. This mass includes helium and hy-
drogen, the latter in both the molecular and atomic phases.
Alternatively, we can use the empirical [C ii]–CO(1-0) cor-
relation derived for z = 2 galaxies in Gullberg et al. (2015) and
αCO = 2 M/(K km/s/pc2) (from Swinbank et al. 2011, which
we assume scales as 1/Z, see Leroy et al. 2011). Taking into
account the scatter in the [C ii]-CO(1-0) relation and the metal-
licity, we obtained M[C ii]gas = 2.9+3.7−1.6 × 1010 M. This mass should
only include the molecular hydrogen, but it is nevertheless con-
sistent with the dust-based value.
Averaging these two independent estimates with inverse vari-
ance weighting, we finally obtained a gas mass of Mgas =
3.6+4.3−1.9 × 1010 M, which is well within the range allowed by the
dynamical and stellar masses (see section 2.5). Given the upper
limit on the SFR, this translates into a lower limit on the deple-
tion time tdep = Mgas/SFR > 144 Myr, or 1.8 Gyr if Hyde has
quenched.
Using the [C ii] spatial extent, we derived Σgas =
(Mgas/2)/(pi r1/2,[C ii]2) = (1.0+1.8−0.6) × 104 M/pc2. This is among
the largest values ever measured: for example the z = 6.3 “max-
imum starburst” HFLS-3 has Σgas = 1.4× 104 M/pc2 (Riechers
et al. 2013). Yet, this same galaxy has an SFR surface density an
order of magnitude higher than Hyde: ΣSFR = 600 M/yr/kpc2.
Evidently, star-formation in Hyde must be less efficient than in
HFLS3.
Following Daddi et al. (2010), we quantified the star-
formation efficiency as εrot = ΣSFR/(Σgas/trot), where trot is the
rotation period of the galaxy as derived from the [C ii] line kine-
matics (section 2.5): trot = 8.4+7.9−2.8 Myr. This leads to Σgas/trot =
(1.1+2.3−0.7) × 103 M/yr/kpc2. Considering all models allowed by
the SED fits, we found εrot < 0.13 at 90% confidence. Daddi
et al. (2010) observed a typical εrot ∼ 0.5 to 0.7 in our range
of Σgas/trot, and our upper limit is about a factor four lower
than these values. If we only consider models where Hyde has
quenched, the upper limit on εrot drops to 0.01, which is more
than a factor 40 below the average.
An alternative definition of the star-formation efficiency uses
the free-fall time tff =
√
r1/2,[C ii]3/(2G Mgas) = 1.2+0.9−0.6 Myr. This
yields upper limits of εff < 0.023 and 0.0019 respectively, while
typical values in star-forming galaxies of similar Σgas/tff are of
the order of 0.01 (Krumholz et al. 2012). Therefore, with this
definition the star-forming solutions are compatible with a stan-
dard efficiency, while quenched models are a factor five lower
than normal.
4.5.2. Possible interpretations
Considering the entire parameter space allowed by the SED
modeling for Hyde, it appears the star-formation efficiency is rel-
atively low, at least a factor two lower than the normal value,
and could be much lower if Hyde has recently quenched. At
the same time, we have shown that the depletion time must be
at least 140 Myr, and possibly larger than 1 Gyr. Since we have
provided evidence in the previous sections that a recent quench-
ing could be the correct interpretation of our observations, we
need to understand how the galaxy could have quenched while
keeping substantial reservoirs of inactive gas.
While quenched (or early-type) galaxies typically have very
low gas fractions (e.g., Combes et al. 2007; Young et al. 2014;
Sargent et al. 2015), several recent studies have reported the de-
tection of non-star-forming gas reservoirs in quenched and post-
starburst galaxies, at both low and high redshifts (e.g., Davis
et al. 2014; Alatalo et al. 2014, 2015; French et al. 2015; Suess
et al. 2017; Lin et al. 2017), so this is not a new concept. In
particular, stacking z ∼ 2 quiescent galaxies on sub-millimeter
images, Gobat et al. (2017) found that their galaxies show a
non-negligible amount of dust and gas despite their low star-
formation activity. The average gas fraction they obtained ranges
from Mgas/M∗ = 0.04 to 0.13, which is substantially higher than
the value for local early type galaxies, Mgas/M∗ < 0.007.
Gobat et al. explained this low efficiency using “morpho-
logical quenching” (see Martig et al. 2009): the presence of a
dense, spheroidal stellar component at the center of galaxies
creates additional shear and stabilizes the gas, thus preventing
star-formation. A similar interpretation was put forward in Suess
et al. (2017). Given that Hyde has a stellar density similar to that
of z ∼ 4 quiescent galaxies (see section 4.3 and Table 1), this
would be a probable scenario. The numerical simulations of Go-
bat et al. suggest morphological quenching should happen when
the gas fraction decreases below ∼20%, which takes about 2 Gyr
after the main burst in their simulation. Such long timescale
seems inconsistent with a recent quenching for Hyde, however it
is likely to vary from one galaxy to the next. The current gas frac-
tion of Hyde is only constrained within Mgas/(Mgas + M∗) = 12
to 70%, so we cannot determine whether it has reached this 20%
threshold or not.
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Alternatively, galaxies as massive as the pair we study in
this paper are expected to host super-massive black holes with
masses as high as M ∼ 109 M (e.g., Reines & Volonteri 2015).
These galaxies should have shone as bright quasars during the
period in which their central black holes grew at a rapid rate
(e.g., Trakhtenbrot et al. 2011), and the resulting radiation is be-
lieved to trigger powerful winds which can effectively quench
star-formation (Silk & Rees 1998; King 2003; Cattaneo et al.
2009). If Jekyll and Hyde do host such black holes, they were
not active the moment they were observed, but it is possible that
Jekyll has experienced such a phase when it quenched, 200 to
650 Myr prior to observation.
One could also speculate that the quenching (or reduced star-
formation) of Hyde has been caused by the feedback from its
own super-massive black hole, which had stopped accreting at
the time of observation; the quasar may in fact have been trig-
gered by tidal interaction with Jekyll. Feedback from a central
black-hole is mainly thought to act by driving powerful winds,
expelling gas out of the galaxy and thus preventing it from form-
ing stars (e.g., Silk & Rees 1998; King 2003; Faucher-Giguère
& Quataert 2012; Costa et al. 2014). This scenario would not
match the relatively large gas reservoir observed in Hyde. How-
ever, recent simulations of quasars implementing radiative trans-
fer show that star-formation in compact high-redshift galaxies
can be suppressed by radiation pressure on the dust, without re-
moving the gas (Costa et al. in prep.). In this picture, the gas
is instead redistributed in the galaxy: radiation pressure erases
local over-densities, thus reducing the star formation rate, with-
out substantially altering the gas mass or the size of the galaxy.
This hypothesis could be investigated further with a more robust
mapping of the gas distribution in the galaxy, for example with
high-resolution CO or [C i] imaging. Deeper [C ii] observations
could also probe the large-scale environment and reveal whether
or not gas has been expelled out of the galaxy (e.g., Cicone et al.
2015).
In an alternative scenario, the bright quasar in Jekyll inhibited
star-formation not only in its host galaxy, but also in Hyde, e.g.,
through radiation pressure on dust (Ishibashi & Fabian 2016).
Linearly extrapolating the line-of-sight velocity of Hyde back in
time to the point where Jekyll has quenched suggests both galax-
ies were then separated by a projected distance of 100 to 300 kpc,
such that this scenario appears implausible. However, given its
current separation of ∼ 3 kpc, it is conceivable that a recent short
quasar even in Jekyll indeed reduced the SFR in Hyde.
Finally, we note that the cessation of star-formation in Hyde
(if any) may not be final. Given the proximity with Jekyll, it is
possible that these galaxies have already interacted in a recent
past. In this case, we could be observing Hyde in a temporary
episode of quiescence, a few hundred Myr after an efficient burst.
While the star-formation efficiency can fall below the normal
value in this instance (e.g., Fensch et al. 2017), the gas density
must also decrease and it is difficult to imagine it being even
larger than we currently observe.
Drawing firmer conclusions would require a better measure-
ment of the gas mass, for example using the CO(1-0) or [C i] line
luminosities (e.g., Bothwell et al. 2017). A more direct measure-
ment of the SFR, for example with Hα or the Paschen series
(which will be reachable with the James Webb Space Telescope)
or high-J CO lines, would also settle the question of whether
Hyde has truly quenched or not.
4.6. Hyde as a probe of Jekyll’s past
The constraints from our SED modeling show that Hyde has
formed over a timescale comparable to that of Jekyll, but has
done so at a later stage. Both galaxies are otherwise surpris-
ingly similar: they have comparable stellar masses and sizes, and
have evolved in the same environment. It is therefore tempting
to regard Hyde as a good representation of what Jekyll has been
shortly after (or before) having quenched. This idea is supported
by the fact, demonstrated in Straatman et al. (2014), that the star-
formation in the progenitors of the z ∼ 4 quiescent galaxies must
be strongly obscured, because the space density of UV-bright
galaxies with the required SFRs are too low by orders of magni-
tude.
In this context, any conclusion we can draw on the state of
Hyde can be translated to the progenitor of Jekyll, making this
system a unique laboratory to study the process of quenching.
For example, if this hypothesis is true, the fact that Hyde may
have quenched while still harboring substantial reservoirs of gas
implies that Jekyll should also contain some amount of gas. The
fraction of this gas in the molecular phase may be low, given
that little on-going star-formation is presently allowed, therefore
it could prove challenging to detect in CO. Tracers of atomic
gas, such as [C i] or the dust continuum, may be more adequate.
Currently, because the dust temperature of Jekyll is unknown,
constraints based on the dust mass are loose. Conservatively as-
suming the low average temperature found by Gobat et al. (2017)
in z ∼ 2 quiescent galaxies and using the same gas-to-dust ratio
as adopted in section 4.5 for Hyde, the non-detection of Jekyll
in the band 8 image translates into Mgas < 3.5 × 1010 M (90%
confidence), or a gas fraction less than 25%. This is within the
range of gas fractions allowed for Hyde.
We finally emphasize that both galaxies were found in a cos-
mological survey of small area (363 arcmin−2). Consequently,
while Jekyll is among the most massive quiescent galaxies at
z ∼ 4 in this survey and may thus not be representative of the
quiescent population at lower masses (see Fig. 12), it cannot be
an extremely rare object either (the space density of such mas-
sive quiescent galaxies is ∼ 2 × 10−5 Mpc−3; Straatman et al.
2014). Obtaining a better understanding this pair of galaxies thus
has immediate consequences for our knowledge of quenching in
general.
5. Conclusions
We have obtained new and deep ALMA data towards the most
distant known quiescent galaxy at z ∼ 4 to investigate the ori-
gin of the sub-millimeter emission detected close to the line of
sight. The emission was found to originate from a separate, com-
pact source located 0.40±0.008′′ away from the quiescent galaxy
on the continuum image, and spectroscopically confirmed to lie
at the same redshift using the [C ii] line. The line was found
549 ± 60 km/s offset from the quiescent galaxy and displays a
velocity profile of a rotating disk, demonstrating it forms a sepa-
rate galaxy. Careful deblending of the Spitzer IRAC images con-
firmed the presence of an additional source of near-IR emission,
but no counterpart was found on the Hubble images, suggesting
the galaxy is strongly obscured. We dubbed the quiescent and
dusty galaxies Jekyll and Hyde, respectively.
Modeling of the sub-millimeter emission showed that Hyde
has a moderate infrared luminosity, corresponding to an ob-
scured SFRIR ∼ 100 M/yr. Full modeling of the UV-to-FIR
emission confirmed extreme levels of obscuration of the stellar
light, with AV ∼ 3.5, and a stellar mass comparable to its quies-
Article number, page 18 of 22
C. Schreiber et al.: Jekyll & Hyde: quiescence and extreme obscuration 1.5 Gyr after the Big Bang
cent neighbor. This modeling further revealed that the observed
dust luminosity can be fully powered by intermediate-age stars,
so the current SFR may be zero, but we could not exclude that
the galaxy is still forming stars on the lower envelope of the main
sequence. A similar analysis of Jekyll confirmed its initial char-
acterization in Glazebrook et al. (2017), its stellar mass having
decreased by only 30%, and the non-detection by ALMA con-
firms the absence of obscured star-formation.
Fitting the kinematics of the [C ii] emission of Hyde with a
rotating disk model yielded a fast rotation period of ∼10 Myr,
a high rotation speed of ∼700 km/s, and a compact size consis-
tent with that of the dust continuum: r1/2 = 0.67 ± 0.14 ± kpc.
This size was found very similar to that of Jekyll (r1/2 = 0.49 ±
0.12 kpc) and other quiescent galaxies at the same mass and red-
shift, suggesting Hyde may well be on its way to become quies-
cent itself.
The ratio of [C ii]-to-far-IR emission in Hyde was found
lower than any high-redshift galaxy of this luminosity. We cre-
ated a toy model to determine the timescale on which the
[C ii]/FIR ratio can decrease following a cessation or reduction
of SFR, and found that the observed ratio could be reached about
100 Myr after the end of a burst, consistent with the hypothesis
that Hyde may have quenched.
Using various estimates of the gas mass, we showed that
Hyde has among the highest gas surface density observed in
a galaxy, rivaling that of extreme starbursts at the same red-
shifts. Combined with its moderate-to-low SFR and fast rotation,
this implies a particularly low star-formation efficiency. Conse-
quently, whatever phenomenon is responsible for its low star-
formation activity acts more by pressurizing or stabilizing the
gas, rather than depleting the reservoirs.
We finally argue that, owing to their striking similarity of
compactness, environment and, perhaps, star-formation history
(only shifted by ∼400 Myr), Jekyll and Hyde can be viewed as
two stages of quenching, and thus provide us with a unique lab-
oratory to explore the physics of this poorly understood phe-
nomenon.
A further understanding of this system could be achieved by
obtaining a more direct measurement of the SFR of Hyde, for ex-
ample using the James Webb Space Telescope, and constraining
the gas mass of both galaxies in the three main phases: ionized
(using [N ii]205), atomic (using [C i]) and molecular (using CO).
Lastly, high-resolution imaging of the stellar (with JWST) and
dust continuum (with ALMA) could reveal traces of interaction,
determining if merging played an important role in shaping these
galaxies.
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Appendix A: Simulated star-formation histories
The family of star-formation histories generated by Eq. 1 allows
for a wide variety of scenarios, but is nevertheless simplistic. In
reality, star-formation histories could be less smooth, and com-
posed of multiple bursts. To explore whether our model still pro-
vides meaningful results in these scenario, we have generated a
suite of 400 simulated galaxies with more complex SFHs. These
SFHs were created as the sum of N bursts of variable peak inten-
sity (SFRb) and duration (τb), each burst being arbitrarily mod-
eled as a Gaussian. The motivation for the latter is to avoid, on
purpose, a functional form too similar to that assumed by Eq. 1,
in order to test how our model behaves when the true SFH has no
perfect match in the grid. The time at which each burst happened
(tb) was drawn from a Gaussian distribution centered on a “main
burst” time (tmain) and with a given “main burst length” width
(τmain); tmain itself was drawn uniformly between the Big Bang
and the epoch of observation, and τmain was drawn uniformly
between 10 and 500 Myr. The number of bursts was chosen ran-
domly from N = 1 to 100 × (τmain − 10)/490 (with uniform
probability in logN) and the length of each burst was chosen
randomly from τb = 10 to 200 Myr (with uniform probability in
log τb). These values were chosen so as to provide a full cover-
age of the tb<1% – t68% plane (i.e., Fig. 10).
We then used the Bruzual & Charlot (2003) stellar popula-
tion models to create the corresponding SED for each simulated
SFH, and generated two photometric catalogs based on these
SEDs: one with AV = 0.5 mag, as observed for Jekyll, and an-
other with 3.5 mag, as observed for Hyde. In the first catalog the
SEDs were normalized to match Jekyll’s Ks-band flux, while in
the second catalog the SEDs were normalized to match Hyde’s
4.5 µm flux. The flux uncertainties were chosen to be the same
as observed for Jekyll and Hyde, respectively.
We then ran FAST++ on these simulated SEDs with the
same setup as for Jekyll and Hyde, i.e., using the model SFH of
Eq. 1 (the only difference being that the simulations did not in-
clude the MOSFIRE spectrum, for simplicity). We then defined
the region of the tb<1% – t68% plane allowed within ∆χ2 < 2.71
and determined, for each simulated galaxy, if the true value of
tb<1% and t68% actually fell inside this region.
We found that 90% and 95% of the simulated SFHs were cor-
rectly recovered for AV = 0.5 and 3.5 mag, respectively, which
shows that our simplistic model is indeed able to account for
more complex SFHs than that of Eq. 1. Examples of galaxies
properly recovered by our model despite their complex SFH are
shown on the first row of Fig. A.1 and A.2.
Since the percentages above are only representative of our
simulated data set and not of real star-formation histories, it is
illuminating to look at the few cases where the model clearly
failed. We show on the second and third rows of Fig. A.1 and
A.2 selected examples which illustrate the most major deficien-
cies. In all these cases, the SFH can be described as being com-
posed of two distinct bursts separated by a few hundreds Myr of
quiescence.
For Jekyll-like galaxies (Fig. A.1), we observe two different
types of problems. In the first case (second row on the figure),
the true SFH is composed of two main star-formation episodes,
the first being very old (tobs − t > 1000 Myr), and the second
more recent (200 Myr). The entire SFH is poorly recovered; the
model tries to account for both bursts and thus obtains twice
longer formation timescales compared to the true SFH. Doing
so, it even fails at recovering the fully quiescent nature of the
galaxy (in terms of tb<1%; the estimated current SFR is still fairly
low). However it is also clear that the adopted model is a poor fit
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Fig. A.1. Simulated star-formation histories for comparison with Jekyll. The first row shows a quenched star-formation history composed of three
bursts. The second row shows an SFH where most of the mass was formed very early, and a small burst happened 200 Myr before observation,
creating the post-starburst features. The third row shows an SFH with two burst, the last one happening when the galaxy is observed but has a very
small SFR. Left: synthetic photometry for the complex SFH (black points) and best-fit model from FAST++ (red line and red squares). Middle:
complex star-formation history (black) and best-fit model (red). Right: constraints on the formation and quenching timescales (t68% and tb<1%)
given by the model (orange area), best-fit value (red circle) and true value (black circle).
to the photometry: the observed Ks and Spitzer bands are off by
more than 2σ. Such cases, if they happen, would be identifiable
easily.
The second case is more subtle. The true SFH in this case is
also composed of two bursts, the first is moderately old (tobs −
t ∼ 700 Myr) but the second has extremely small SFR and is
still on-going at the time of observation. The peak SFR of this
second burst is only 2 M/yr, compared to several thousands for
the main burst. The photometry is therefore dominated by the
older burst, where most of the stars formed, but one can see that
the on-going star-formation also leaves a noticeable trace in the
UV. The model is forced to account for the main component, but
it also tries to reproduce the small residual SFR coming from the
second burst by using a long e-folding timescale for the post-
burst decline. This results in a shorter quiescent time than that
of the true SFH, and implies that our quenching times could be
biased toward shorter values.
For Hyde-like galaxies (Fig. A.2), we found similarly prob-
lematic SFHs. However, because the photometry there is glob-
ally of poorer S/N, the most stringent constraint is actually com-
ing from the observed LIR. This results in a different impact on
the derived parameters. Essentially, if an older burst is present
in the true SFH, it is mostly ignored by the model and the most
recent burst is fairly well described. In the first case illustrated
on Fig. A.2 (second row), the formation timescale is enlarged
to accommodate the older burst, but the quenching time is cor-
rectly captured. In the second case, the late burst happens at the
epoch of observation and thus totally dominates the LIR; the old-
est burst is completely ignored. The recovered stellar mass is a
factor two lower than its true value. This is commonly referred
to as the “outshining” phenomenon (Papovich et al. 2001), and
implies that there may have been more star-formation happening
at earlier epochs in Hyde compared to what our model suggests.
We emphasize that outshining is only a problem when our model
SFH cannot reproduce the true SFH. In other cases, the only im-
pact of outshining is to enlarge error bars on model parameters
(in particular on the stellar mass).
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Fig. A.2. Same as Fig. A.2, but for comparison with Hyde. On the left column we also give the model’s LIR (since the SEDs are otherwise very
similar). The first row shows a star-formation history which lasts steadily for several hundred million years but is composed of multiple bursts and
dips, then slowly fades out 200 Myr before the observation. The second row shows an SFH with essentially two bursts happening at least 500 Myr
prior observation. The third row shows an SFH with two burst, the last one happening when the galaxy is observed.
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